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Summary 
In the agriculture-based countries, which include most of Sub-Saharan Africa, agriculture 
and its associated industries are essential to growth and to reducing mass poverty and food 
insecurity. Mozambique, where this research was carried out, is one of the agriculture-
based countries and this activity provides food security and is an important source of 
income for 75% of the 20 million inhabitants in the country. 
 
Agriculture is by far the largest user of water, contributing to water scarcity. Concerns 
about scarcity of water have focused attention on irrigation, the largest water-using sector 
worldwide. Improvement of the efficiency and distribution uniformity of irrigated 
agriculture can minimize the gap between potential crop water requirements and actual 
water use. 
 
The study area of the present research is Chokwe Irrigation System, which consists of an 
earth canal having a length of 14 km and current capacity of 45 m
3
/s (canal geral). This 
canal is subdivided into two canals one main and one secondary, the left earth canal 
(secondary canal) partially lined and the right earth canal (main canal) with a nominal 
discharge of 0.8 m
3
/s and 29 m
3
/s respectively. The right earth canal is then subdivided into 
two main canals, the “canal do rio” with a nominal discharge of 10 m3/s and the 
Nwachicoluane canal with a nominal discharge of 4.5 m
3
/s. The water is diverted from the 
main canals to secondary canals or distributors and most of these are earth canals. The 
drainage system includes tertiary or field drains with depths between 0.7 – 1.0 m which are 
parallel to tertiary canals. These join the secondary drains which are parallel to secondary 
canals or distributors, and then finally connected to the main drains. Chokwe Irrigation 
System is entirely by gravity (except in the upstream part of the system) and the flow 
control method is upstream control. The major structures in the system consist of AMIL 
gates, duckbill weirs, sliding gates as water level regulators and baffle distributors and/or 
sliding gates as discharge regulators.  
 
This research was carried out on performance assessment of water distribution in Chokwe 
Irrigation System in order to check the state of health of the system and also the level of 
water use. The main objective of the study was to analyse the efficiency of the current 
water distribution, operation rules on the system, simulate the water flow with a hydraulic 
model (DUFLOW) and recommend possible solutions for improvement on the water use 
efficiency. 
 
In order to achieve the objectives different tools as CROPWAT and DUFLOW model were 
used. Data on cropping pattern, crop yield, canal cross sections and hydraulic structures 
parameters, delivered discharge were collected in the Chokwe Irrigation System to do a 
proper analysis. The simulations to improve the current situation were selected based on 
two approaches: increasing the cultivated area and suggesting different options to operate 
hydraulic structures. For the first approach performance indicators were computed using the 
current discharge delivered in case of an increment by doubling the cultivated area in each 
secondary canal. For the second approach three scenarios were considered namely 
operation of all the gates opened at 0.4 and 0.5 m at intake and first regulator respectively, 
three quarter of gates opened at 0.4 and 0.7 for the intake and 0.5 and 0.2 for the first 
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regulator. According to the field data on delivered discharges it was observed that the crop 
water requirements were fully fulfilled having an overall adequacy of 0.94 in the wet 
season and 1.00 in the dry season, which is considered good. On other hand the efficiency 
of water delivery system is poor having an overall efficiency of 0.38 and 0.14 in the wet 
and the dry season respectively, which means that the water was delivered in excess. For 
the wet season the reliability and equity on water distribution was fair despite in some 
secondary canals there were variations in discharge delivered along the time which most 
likely the crop water requirements were not fulfilled. 
 
An expansion of the cultivated area by doubling the current cultivated land improved the 
efficiency indicator from 0.38 to 0.59 in the wet season. On other hand, the reliability and 
equity indicator became poor, however, since the overall adequacy is fair, the water 
delivery is not considered unreliable or unfair but rather present a temporal and spatial 
variation on water delivered.  
 
The different scenarios tested through the DUFLOW model showed that by lowering the 
water level in the main system leads to an increase on the efficiency indicator. In the wet 
season the adequacy indicator is good for scenario 1 and fair for scenario 2 and 3 whereas 
in the dry season was good for the three scenarios. Reliability and equity are also classified 
as good under scenario 1 and poor under scenario 3. The efficiency indicator is poor but 
with significant increase relatively to the current situation, for the three scenarios it 
increased to 0.46, 0.5 and 0.55 in wet season.  
 
The irrigation schedule plays an important role on the irrigation requirements. The two 
categories of scheduling, fixed and flexible irrigation scheduling showed to have a great 
impact on the reduction of actual irrigation needs in Chokwe Irrigation System. The 
different options for irrigation schedule discussed in this work can give an idea to the gate 
operators after proper training on the amount of water that has to be released from the head 
of the secondary canal and hence the appropriate openings in the baffle distributor. 
 
According to the results obtained in this research it can be said that the water delivery in 
Chokwe Irrigation System performed adequately through an oversupply in the secondary 
canals and hence tertiary outlets. The efficiency was poor in both season but worst in dry 
season. The dependability and equity in water delivered was considered fair in wet season 
and good in dry season. The expansion of cultivated land by doubling the actual cultivated 
areas showed to be a potential option to increase the water use efficiency and the water 
saved under scenario 3 could have been used to irrigate additional 1930 and 6150 ha in dry 
and wet season respectively. Investment in water management is required (better-trained 
operators for example) and an irrigation schedule for each secondary canal would have to 
be planned in order to release appropriate amounts of water. The Chokwe Irrigation System 
would have to be operated under lower water levels than actual (like one proposed in 
scenario 2 or 3) to motivate the rational use of water, mostly during the late stages of the 
crops and during dry season; The current thresholds of performance indicators proposed by 
Molden and Gates are not sufficiently informative for water delivery performance 
assessment and the adequacy indicator, category “poor” and “fair” should be revised as 
both may mean the same as far as crop yield is concerned. 
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1. Introduction 
In the 21st century, agriculture continues to be a fundamental instrument for sustainable 
development and poverty reduction. Three of every four poor people in developing 
countries live in rural areas - 2.1 billion live on less than US$ 2 a day and 880 million on 
less than US$ 1 a day - and most depend on agriculture for their livelihoods (World Bank 
2007). Agriculture alone will not be enough to massively reduce poverty, but it has proven 
to be uniquely powerful for that task. In the agriculture-based countries, which include 
most of Sub-Saharan Africa, agriculture and its associated industries are essential to growth 
and to reducing mass poverty and food insecurity. 
 
Mozambique, where this research was carried out, is one of the agriculture-based countries 
which the value added by agriculture was 22% of the Gross Domestic Product (GDP) in 
2006 (World Bank 2007). According to Food and Agriculture Organization & World Food 
Programme (2005) agriculture provides food security and is an important source of income 
for 75% of the 20 million inhabitants. The agricultural systems are predominantly rainfed, 
the temporal and spatial distributions of rainfall are critical to crop performance, resulting 
in wide-ranging fluctuations in annual crop harvests from year to year. Therefore the need 
for irrigation is of great importance to minimize this situation and improve the crop yields.  
 
As is known, Agriculture is by far the largest user of water, contributing to water scarcity. 
Kijne et al (2003) refers that increasing the productivity of water in Agriculture will play a 
vital role in easing competition for scarce resources, prevention of environmental 
degradation and provision of food security: by growing more food with less water, more 
water will be available for other natural and human uses.   
 
Water use and management in agriculture cross many scales: crops, fields, farms, delivery 
systems, basins, nations and the globe. This research deals with one scale, the delivery 
systems. At irrigation system scale processes of interest include allocation, distribution of 
water to farms, operation and maintenance, conflict resolution and drainage. 
 
According to Perry (2007) concerns about scarcity of water have focused attention on 
irrigation, the largest water-using sector worldwide. Improvement of the efficiency and 
distribution uniformity of irrigated agriculture can minimize the gap between potential crop 
water requirements and actual water use. In consequence, it will lead to more crop with less 
drop and ultimately lead to the improvement of the livelihood of people.  
 
In order to minimize the water losses in irrigation systems, a performance assessment 
should be carried out to check the state of health of the systems and also the level of water 
use. Molden & Clemmens (2007) refers that in the past, there have been two major 
approaches to evaluating the overall performance of irrigation systems: its gross production 
or return on investment and its efficiency of water use. Recently two major approaches to 
performance evaluation have been to consider (1) how well service is delivered, and (2) the 
outcomes of irrigation in terms of efficiency and productivity of resource use.  The 
approaches followed in this study were water delivery performance and efficiency of water 
use. 
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2. Country Background  
2.1 Location, Population and Climate 
Mozambique is located on the east coast of southern Africa on the Indian Ocean, between 
latitudes 10º27‟S and 26º52‟S and longitudes 30º12‟W and 40º51‟W. The country is 
bordered by the United Republic of Tanzania in the north, South Africa in the south, 
Swaziland in the southwest and South Africa, Zimbabwe, Zambia in the west, and Malawi 
in the northwest (Figure 2.1). The country has a total area of 801,590 km
2
, of which 2% are 
inland waters. The land borders have a length of 4,450 km, while the coastline measures 
2,520 km (Food and Agriculture Organization, 2005). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Location map of Mozambique (Food and Agriculture Organization 
2005) 
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The total population is estimated at 20 million (National institute of statistic 2007), with a 
population growth rate of 2%. The population density was 24 inhabitants/km
2
 and 63% of 
the population is rural. Mozambique is one of the poorest countries in the world, ranking 
170 out of 173 countries on the Human Development Index (United Nations Development 
Programme 2002). About 70% of the population lives below the poverty line (Food and 
Agriculture Organization 2005). 
 
The climate varies from tropical and subtropical conditions in the north and central parts of 
Mozambique to dry semiarid steppe and dry arid desert climate in the south. The hottest 
regions are located in the Zambezi basin, the coastline of Cabo Delgado, Nampula, 
Zambezia and Sofala. The south is the coolest part of the country, with an average 
maximum and minimum temperature of 30 ºC and 19 ºC respectively.  
 
The annual average precipitation for the whole country is 1,000 mm and the rainy season 
lasts from October to April. Precipitation varies widely from the coast to the inland areas 
and from north to south. Average rainfall ranges from 800 to 1,000 mm along the coast, 
with values above 1,200 mm between Beira and Quelimane. The rainfall decreases inland 
reaching 400 mm at the border with South Africa and Zimbabwe. The north and central part 
of the country has annual rainfall from 1,000 to over 2,000 mm because of the northeast 
monsoon and high mountains. In the southern inland part of the country average annual 
rainfall ranges from 500 to 600 mm. Evapotranspiration varies between 800 and above 
1,600 mm. Along the coast it varies between 1,200 and 1,500 mm. Maximum values of 
above 1,600 mm occur in the eastern and middle Zambezi basin (Food and Agriculture 
Organization 2005). 
 
2.2 Water resources  
Mozambique is drained by thirteen main river systems: from south to north they are 
Maputo, Umbeluzi, Incomati, Limpopo, Save, Buzi, Pungoé, Zambezi, Licungo, Ligonha, 
Lurio, Messalo and Rovuma (Figure 2.2). 
 
It is riparian to nine of the fifteen international river basins in the Southern African 
Development Community region (SADC). The rivers are the country's main water resource, 
of which more than 50% originate from upstream riparian states. There are marked regional 
differences in rainfall, wet and dry seasons and year-to-year variations with droughts and 
floods. According to available data, total available flow is about 216 km³/year, of which 
about 100 km³ (46%) are generated in the country. The other 116 km³
 
are generated in 
neighbouring countries (Ministry of Public Works and Housing 2005). 
 
Groundwater potential is considerable and lies in the alluvial formations of the various 
rivers. Well yields in the Zambezi and Incomati basins are up to 70,000 m
3
/day. 
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In Mozambique, 97 km
3
 of surface water and 17 km
3
 of groundwater are produced 
annually. Considering an overlap between surface water and groundwater of 14 km
3
/yr, the 
total internal renewable water resources are 100 km
3
/yr (Table 2.1). In addition, 117 km
3
 of 
surface water enter the country annually, of which 66% from the Zambezi River and thus 
the total actual renewable water resources become 217 km
3
/yr. 
 
There are two main lakes in Mozambique, Lake Niassa (Lake Malawi) and Lake Chirua 
(Lake Chilwa), both of which are shared with Malawi. The total surface area of Lake 
Figure 2.2 Main river basins of Mozambique (World Bank 2007) 
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Niassa is 30,800 km
2
, of which 21% belongs to Mozambique. Lake Chirua has an average 
total area of 750 km
2
 of which only 29 km
2
 lies within Mozambique. The amount and 
utilization of different water sources in Mozambique is presented in Table 2.1. 
    
Table 2.1 Water sources and use in Mozambique (Food and Agriculture Organization 2005) 
 
Renewable water resources    
Average precipitation   1,030 mm/yr 
  827 10
9 
m
3
/yr 
Internal renewable water resources   100 10
9 
m
3
/yr 
Total actual renewable water resources   217 10
9 
m 
3
/yr 
Dependency ratio   54 % 
Total actual renewable water resources per inhabitant   2004 11,300 m
3
/yr 
Total dam capacity  2000 64,500 10
6
 m
3
 
Water withdrawal    
Total water withdrawal   2000 635 10
6
m
3
/yr 
-irrigation + livestock   2000 550 10
6
m
3
/yr 
      -domestic   2000 70 10
6
m
3
/yr 
      -industry    2000 15 10
6
m
3
/yr 
• per inhabitant  2000 36 m3/yr 
• as % of total actual renewable water resources   2000 0.3 % 
Non-conventional sources of water    
Produced wastewater   - 10
6 
m
3
/yr 
Treated wastewater   - 10
6
 m
3
/yr 
Reused treated wastewater   - 10
6
 m
3
/yr 
Desalinated water produced   - 10
6
 m3/yr 
Reused agricultural drainage water    10
6
 m
3
/yr 
 
The total capacity of 27 dams with a height of 10 m or more is estimated at 65 km
3
 (table 
2.1). The Cahora Bassa dam on the Zambezi River is the largest hydroelectric plant in 
Mozambique and in Southern Africa region with an installed capacity of 2,060 Mega Watt 
and a useful storage capacity of 39 km
3
. 
 
Water use estimates for the year 2000 indicate a total water withdrawal of 635 million m
3
 
(Table 2.1). The main consumer of water is agriculture, accounting for 550 million m
3
 
(87%), followed by the domestic sector using 70 million m
3
 (11%) and industry consuming 
15 million m
3
 (2%).  
 
The main source of water in Mozambique is surface water. However, groundwater is 
utilized on a large scale in a number of urban centres for drinking water supply. Hand 
pump-mounted boreholes and shallow wells are used throughout the country as the main 
source of drinking water in rural areas (Food and Agriculture Organization 2005). 
 
At the national level, water management is the responsibility of the National Water 
Directorate (DNA), while at the regional level the five Regional Water Administrations 
(ARAs) are responsible. They control the irrigation systems and collect water fees. The 
only ARA fully operational by 2000 was ARA-Sul (South), while a second one, ARA-
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Centro, is under formation. ARA-Sul is in charge of the southern part of the country up to 
the Save River, where most problems of water management exist. In areas not yet covered 
by an ARA, the Provincial Directorates of Public Works and Housing are the authority 
responsible for water resources management in the province. 
2.3 Agriculture development and land use 
About 62 million ha, or 78% of the total area, are covered by natural vegetation, consisting 
of high forest (0.8%), low forest (13.8%), thicket (43.4%), wooded grasslands (19.5%) and 
mangroves (0.5%). The total cultivable land is estimated at 36 million ha, which is 45% of 
the total area of the country. In 2002, the cultivated area was estimated at 4.44 million ha, 
of which 4.2 million ha arable land, while 0.24 million ha were under permanent crops 
(Food and Agriculture Organization 2005). 
 
As indicated earlier, Agriculture is the main stay of the economy in Mozambique. In 2003, 
Agriculture accounted for 23.5% of the US$ 4.3 billion GDP. According to Food and 
Agriculture Organization (2005), further, agriculture provides work for 80% of the 
economically active population, and 60% of the people working in the sector are female. 
Since the end of the civil war in 1992, Mozambique has made impressive gains in restoring 
food production and at a national level the country is virtually self-sufficient in terms of 
food grain production, with the exception of wheat and rice. However, this growth has been 
uneven spatially and natural disasters such as flood and drought are an important cause of 
temporary food insecurity. 
 
The agriculture sector comprises two categories of producers: the smallholder “family” 
sub-sector and the commercial sub-sector: 
• The smallholder sub-sector is characterized by small land holding (1.8 ha per family on 
average), low inputs, inadequate equipment and low yields and returns; almost all 
production is rainfed, as the farmers cannot afford to install irrigation systems. The 
sector accounts for about 95% of the area under production and produces almost all the 
food crops, such as maize, cassava, rice and beans;  
• Small and medium private companies represent the commercial sub-sector. These 
companies have some technological know-how, use agricultural inputs, generally have 
access to credit and, particularly in the south of the country, have access to irrigation. 
Their production is directed to supplying national markets, the agro-industries and for 
exportation. The main export crops are cotton, cashew nuts, sugar cane, tobacco and 
tea. 
 
Other major cash crops grown within the smallholder systems include tobacco, of which the 
production has expanded from 3,500 tons (1997) to 50,000 tons (2004); and cotton with 
harvests fluctuating from 74,000 tons (1997) and 35,000 tons (1999) to 93,000 tons (2004). 
These cash crops, along with oilseeds, tea, citrus and horticultural crops, particularly 
tomatoes, offer alternative sources of revenue to the small farmers in the interior districts, 
where coconuts and cashews are not grown (Food and Agriculture Organization & World 
Food Programme 2005). On a different scale, 30,000 ha of industrial plantations of sugar 
cane are grown at four operational sites surrounding sugar mills in Maputo and Sofala 
provinces. Sugar cane production has risen from 386,000 tons (1998) to 2.22 million tons 
(2004) due to improved organisation and production practices. 
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Maize and cassava are the major staples; other food crops of significance include sorghum, 
beans, groundnuts, millet and rice. Cassava is grown mainly in the north and southeast 
where it is the main staple, and is being introduced, along with sweet potatoes under a 
government initiative, in drought-prone areas throughout the country. 
 
Mozambique‟s diverse soils and climatic conditions, influenced by latitude, variations in 
altitude, topography and proximity to the coast, offer a wide range of production 
opportunities. However, as agricultural systems are predominantly rainfed, the temporal 
and spatial distributions of rainfall are critical to crop performance, resulting in wide-
ranging fluctuations in annual crop harvests from year to year (Food and Agriculture 
Organization & World Food Programme 2005). 
 
According to United Nations Development Programme (2005) the risk of losing harvests 
that depend on rainfed agriculture exceeds 50% south of the Save river, reaching over 75% 
in Gaza province. The northern and central regions are, in general, more favourable for 
rain-fed agriculture, and here the risk of harvest loss declines to between 5% and 30%. For 
this reason, irrigation systems are vital and are to a large extent practiced in the southern 
part of the country.  
2.4 Irrigation and drainage development 
Irrigation potential was estimated at 3.1 million ha by Food and Agriculture Organization 
(2005) but only about 120,000 ha is actually equipped for irrigation. The major areas 
suitable for irrigation are in the centre and north; the Zambezia province alone accounts for 
about 60% of the irrigation potential. The southern provinces have the highest need for 
irrigation but have only a small share of the land suitable for irrigation (Food and 
Agriculture Organization 2005).  
 
The south of Mozambique (Maputo, Gaza and Inhambane provinces) has about 75,700 ha 
equiped for irrigation  (64% of total), of which 23,150 ha is operational; the central part 
(Sofala, Manica, Tete and  Zambézia provinces) with about 39,000 ha equiped for irrigation 
(33 % of total) of which 16,257 ha is operational and North of the country (Nampula, Cabo 
Delgado and Niassa provinces) with  3,350 ha of infrastructures for irrigation (3% of total), 
but just 660 ha is operational (Ministry ofAgriculture and Rural development 2002) (Table 
2.2).  
 
The country‟s tradition of irrigation dates back to the pre-independence period. In 1968 the 
irrigated lands totaled 65,000 ha, out of which 72% were located in the Maputo and Gaza 
provinces. In 1973 this area had increased to 100,000 ha due to the establishment of sugar 
companies and Limpopo settlers, with the major area still being located in the southern 
provinces of Maputo and Gaza. Portuguese settlers mainly exploited these lands, while 
Mozambicans did not practice irrigated agriculture. After independence in 1975, the 
irrigated area in the country was increased by about 20,000 ha, and the total equipped area 
reached almost 120,000 ha in the early 1980s (Food and Agriculture Organization 2005). 
In the years following independence, the government encouraged the exploitation of 
existing large irrigation systems by state companies. These companies however became a 
symbol of inefficiency, mismanagement and the subsequent deterioration of the irrigation 
infrastructures. 
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According to Food and Agriculture Organization (2005) at the present time, irrigated areas 
are occupied by smallholders and agricultural enterprises. The most important large 
systems are the 25,000 ha Chokwé systems in the Limpopo River Basin and a series of 
sugar cane plantations in the Incomati, Buzi and Zambezi valleys covering a total of 34,000 
ha. Small-scale irrigation exists everywhere in the country, either abandoned or partly 
utilized.  
 
Chokwe Irrigation System is the major study area of this research. This system and most of 
the other systems are in a bad to very bad condition, and only a relatively small part of the 
systems is actually irrigated. Reasons for this are: 
• After independence the original owners abandoned the irrigated lands, and the new 
owners greatly lacked experience in the operation and maintenance of systems; 
• Public funds for irrigation were gradually reduced; 
• The lack of inputs and technical assistance in the rural areas for operation and 
maintenance of irrigation systems; 
• The extended civil war led to the destruction of irrigation infrastructures and forced 
the abandonment of others;  
• The floods in 2000 and 2001 completely submerged many irrigated systems and 
deposited large quantities of sediments in all natural and man-made irrigation and 
drainage channel networks. 
 
Currently, 120,000 ha are equipped for irrigation, of which 40,063 ha are actually irrigated, 
consisting mainly of large systems over 500 ha (Figure 2.3). Basin irrigation for rice and 
furrow irrigation for different types of vegetables are practiced. Sprinkler irrigation is 
widespread with agricultural companies, especially in sugar cane plantations, but also for 
citrus fruits and vegetables. Some companies employ drip irrigation to produce tomatoes. 
The area coverage of the different irrigation system is presented on Figure 2.4 (3,350 ha or 
8% of the actually irrigated area); 50% of the actually irrigated area is under sprinkler 
irrigation, while the remaining 42% use surface irrigation. 
 
 
 
 
 
In most irrigation systems, surface water from rivers is used. Groundwater is used to a very 
limited extent by the family smallholder sector. Irrigation efficiency ranges from 25 to 
Figure 2.3 Types of full/partial control irrigation system 
in equipped area and actually irrigated area 
 (Food and Agriculture Organization 2005) 
 
Figure 2.4 Irrigation techniques in                    
actually irrigated areas. Total 40,063 ha 
in 2001. (Food and Agriculture 
Organization 2005) 
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50%, mainly in the surface irrigation areas of smallholder farmers. In agricultural 
companies, which use mainly sprinkler irrigation, efficiency rates are up to 70%. 
 
In the north of the country there are only a few large-scale irrigation systems that are 
actually irrigated, and only irrigation of class A and B systems is operative. In the south 
part of the country, class C systems account for approximately 80% of the equipped area. 
Class A systems are mostly operated by farmers individually or organized in an association. 
Class B systems are usually managed for industrial exploitation, mainly sugar cane and rice 
(Table 2.2). Class C systems are not promoted any more as most of the recent projects are 
aimed at the rehabilitation and development of class A and B systems. (Food and 
Agriculture Organization 2005). The location of the different types of irrigation systems is 
portrayed in Figure 2.5 whereas their area coverage is presented in Table 2.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Location of existing irrigation systems in Mozambique 
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Table 2.2 Irrigation in Mozambique (Food and Agriculture Organization 2005) 
 
Item North Centre South Total 
(ha) (%) (ha) (%) (ha) (%) (ha) (%) 
Area equipped for irrigation:         
Class A (<50 ha) 592 17 1,400 4 4,400 6 6,400 5 
Class B (50-500 ha) 1,800 53 6,700 17 11,200 15 19,700 17 
Class C (>500 ha) 100 30 30,950 79 60,100 79 92,100 78 
Total 3,350 100 39,000 100 75,700 100 118,000 100 
Area actually irrigated:         
Class A (<50 ha) 200 30 624 4 2,450 11 3,280 8 
Class B (50-500 ha) 461 70 1,580 10 2,640 11 4,700 12 
Class C (>500 ha) 0 0 14,050 86 18,060 78 32,100 80 
Total 661 100 16,300 100 23,100 100 40,060 100 
Part of equipped area actually irrigated:         
Class A (<50 ha)  34  44  56  51 
Class B (50-500 ha)  26  24  23  24 
Class C (>500 ha)  0  45  30  35 
Total  20  42  31  43 
Irrigation technology in actually irrigated 
area: 
        
Surface irrigation 656 99 4,200 26 12,000 52 16,900 42 
Sprinkler irrigation 0 0 11,500 71 8,330 36 19,900 50 
Localized irrigation 5 1 527 3 2,820 12 3,350 8 
Total 661 100 16,300 100 23,200 100 40,063 100 
Main irrigated crops:         
Sugar cane 0 0 13,800 90 10,060 50 23,900 67 
Vegetables 301 100 210 2 6,500 32 7,011 20 
Rice 0 0 480 3 3,650 18 4,130 11 
Tobacco 0 0 445 3 0 0 445 1 
Citrus 0 0 370 2 0 0 370 1 
Total 301 100 15,300 100 20,200 100 35,800 100 
 
Regarding to the institutions in charge of water management, policies and legislation 
related to water use in agriculture, the National Directorate for Agricultural Hydraulics 
(DNHA) within the Ministry of Agriculture is the coordinating authority for activities 
relating to irrigation and drainage. It performs studies, executes agricultural hydraulics 
projects and supports smallholder irrigation development. The Fund for Agricultural 
Hydraulics Development (FDHA) is in charge of promoting, fostering and funding the 
hydro-agricultural works or other activities related to irrigated agricultural development. 
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As perspectives for agricultural water management, the Implementation Strategy of the 
National Irrigation Policy proposes among others the following: 
 
 To valorise the water through the improvement of water use efficiency; 
 To ensure appropriate maintenance of the systems and minimization of water losses 
through transfer of responsibilities to the users; 
 To have a modest price of water for family units and irrigation associations and to 
reflect the cost for commercial agriculture organized on an entrepreneurial basis; 
 To promote and stimulate small-scale irrigation by the family sector by mobilizing 
financial and technical resources, in order to gradually transform the current 
subsistence-oriented agriculture into a market-integrated one; 
 To use alternatives to conventional irrigation, such as use of low lying and humid 
areas through low-cost techniques; 
 To support capacity building for the management, operation and maintenance of 
irrigation systems. 
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3. Study area description 
 
The Chokwe Irrigation System, the focal study area of this research is located within the 
Limpopo River Basin.    
 
In this section, first, the location and climatic features, water resources infrastructure and 
water scarcity situation in the Limpopo River Basin will be discussed. Then, a detailed 
description of Chokwe Irrigation System will be presented.  
 
3.1 Limpopo River Basin 
3.1.1 Location, climate and demography 
The Limpopo River Basin is situated in the east of southern Africa between about 20 and 
26 °S and 25 and 35 °E. It covers an area of 413,000 km
2
 and straddles four countries 
(Figure 3.1), South Africa (RSA) (47%), Botswana (17.7%), Zimbabwe (16%) and 
Mozambique (19.3%) (Food and Agriculture Organization 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
According to Amaral & Sommerhalder (2004), along its course the Limpopo River is 
joined by eight tributaries such as the main Olifants stream that is also an international 
tributary, crossing South Africa and Mozambique. When the Limpopo River encounters the 
Indian Ocean at 25 15‟S, it has a width of ca. 300 metres, partly obstructed by sandbanks. 
 
Figure 3.1 Limpopo River Basin  
(National Institute for Disaster Management (INGC) et al  (2003)) 
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Climate 
According to International Water Management Institute & Agricultural Research Council 
(2003) the Köppen classification (1918), the coastal plain of Mozambique has a tropical 
rainy climate (Aw). This changes inland to a tropical dry savanna climate (BSh) with 
annual (summer) rainfall averaging 400-600 mm. A small inland zone, south of the 
Zimbabwe border where the Limpopo River enters Mozambique is classified as tropical dry 
desert (BW), with average rainfall of less than 400 mm (Figure 5). The climate in the 
central basin (including southern Zimbabwe and most of the South African Bushveld) is 
warm temperate (Cwa) with a dry winter season and hot summers (a: warmest month over 
22 
o
C). The upper catchment includes the southern highveld (Cwb), with a similar climate 
but with increased rainfall and cool summers (b: warmest month below 22 
o
C). Further 
west near the border with Botswana, the climate changes to a dry hot steppe climate (BSh), 
quite similar to the climatic conditions in the lowveld. 
 
The annual rainfall varies between 250 mm in the hot dry western and central areas to 
1,050 mm in the high rainfall eastern escarpment areas. The majority of the basin receives 
less than 400 mm rainfall per annum (International Water Management Institute & 
Agricultural Research Council 2003). The evaporation has an average of 1,970 mm ranging 
from 800 to 2,400 mm/yr, which means a higher evaporation rate than rainfall. 
Approximately, 95% of the annual rainfall occurs between October and April, in a number 
of isolate rain days and isolated locations. A short and intense rainy season, with erratic and 
unreliable rainfall, leads to frequent droughts. Despite the frequency of droughts, floods can 
also occur in intensive rain periods. The Limpopo River Basin supports a population of 14 
million people, where the poverty average is 52%, and water availability between 5 to 10 
m
3
 per person. The density population in the basin is around 25-50 people per km
2
, which, 
although not being a high value makes the Limpopo River Basin one of the most populated 
basins in Africa (Amaral & Sommerhalder 2004). 
Figure 3.2 Climate in South of Mozambique within the Limpopo River Basin 
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The Limpopo River Basin in Mozambique is characterized by an accumulation of 
population along the rivers; at the southern part of the basin high density of population is 
found, because of the proximity to the main national road (National Institute for Disaster 
Management (INGC) et al (2003). According to the 1997 census, the total population in the 
Limpopo River Basin in Mozambique was about 856,000 people, which was about 6% of 
the country‟s population. Out of these population 20% lives in urban areas along the 
Limpopo River (National Institute of Statistic-INE 1997). The density ranges from one 
person per km2 (upstream Changane River) to over 1000 people per km2 in the Xai-Xai city. 
The average population density is 21.1 people per km2 (National Institute for Disaster 
Management (INGC) et al (2003). The Villages in the southern part are more numerous and 
larger than in the rest of the basin and progressively they reduce in size and population 
when moving upstream Limpopo River and its tributaries, although the Massingir Village 
could be considered an exception. 
 
The projections made by National Institute f Statistic (1997) suggest a population growth in 
the Basin to about 1.9 million in 2010. Most of this population is expected to be 
concentrated in the most densely populated urban areas such as Chokwe and Xai-Xai.  
3.1.2  Water Resources and Hydraulic Infrastructures 
The Limpopo River and its larger tributaries all exhibit marked seasonal cyclical patterns of 
high and low flows and many of the smaller tributaries are entirely seasonal or episodic 
(Ashton et al 2001). In Mozambique three important tributaries join the River. The 
Nuanedzi River on the right hand side of Limpopo (rising entirely in Zimbabwe) and joins 
Limpopo after running for about 60 km in Mozambique; the Changane River (rising close 
to Zimbabwe border) joins the Limpopo close to its mouth on the coast near to Xai-Xai 
town (Southern African Research and Documentation Centre, 2003); the Elephants River 
joins the Limpopo River after the Massingir reservoir (Figure 6) (Louw and Gichuki 2003). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Water resources network and main sub catchments in the Limpopo 
River Basin (Mozambique part) 
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The total annual runoff from the basin is in the order of 5,500 Mm
3
 per annum, which 
equates an average surface runoff of 13 mm. The flow in the river is characterized by 
considerable inter and intra-annual variation. The river is not perennial in all years and in 
some years is dry for several months (Louw and Gichuki 2003). In Mozambique, the 
Limpopo River has an average annual discharge of 4.8 km
3
 (Food and Agriculture 
Organization 2004). Other important water resources in the Limpopo River Basin in 
Mozambique are the wetlands, which generally are found distributed throughout the 
swamps areas along the rivers, e.g. swamps after the confluence of Limpopo River with the 
Elephant River, river floodplains as the Limpopo River approaches the confluence with the 
Changane River (Brito et al 2003). 
 
The major structures influencing the flow in the River in Mozambique are the Massingir 
and Macarretane dam. The Macarretane dam is placed at the Limpopo River (main course) 
close to Chokwe town (16 km upstream) and has a small reservoir with a maximum 
capacity of 4 Mm
3
 (Société Anonyme Française d' Etude de Gestion et d' Entreprises 1995). 
On the other hand, the Massingir dam is placed at the Elephants River (tributary of 
Limpopo) (Figure 3.3) and has a reservoir with a maximum capacity of 2800 Mm
3
 
(National Directorate of Water/ARA-Sul 2006). The Macarretane dam depends entirely on 
the Massingir dam for its water storage. Its main purpose is to provide an additional Head 
of ±5 m thereby allowing gravity water flow to the Chokwe Irrigation System.  
 
 
 
Figure 3.4 Water balance in south of Mozambique 
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3.2  Chokwe Irrigation System 
3.2.1 Location and Background 
Chokwe Irrigation System is located in a small district which lies at southeast of the right 
bank of Limpopo River and covers an area of 1,600 km
2
 with a total population of 200,600. 
Chokwe is a rural town land located about 230 km northwest of the capital city of Maputo. 
This agricultural town is noted for its tomatoes and having the largest irrigation system of 
the country. 
 
The main social and economic activity in the district is agriculture and livestock. It is also 
located in this district as said before the largest irrigation scheme of the country with a 
command area of 26,000 ha, which about half of the area is suitable for rice and about 5% 
is currently unsuitable for crop production due to soil salinity problems. The process of soil 
salinity which led to the abandonment of about 1,000 ha is caused by saline nature of soils 
and lack of natural drainage which is aggravated by inefficiency of drainage system due to 
poor state of infrastructures.    
 
The largest commercial centre of the district is Chokwe town. However it does not have 
enough capacity to absorb the whole agricultural production. Hence, most of the production 
from the irrigation scheme is sold in Maputo and Xai-Xai cities.  Chokwe is a priority 
region for Mozambique, which the government assigns a strategic importance in the 
construction and development of the Mozambican identity and economy. Among others, 
the main reasons for this priority is the great strategic importance of the irrigation 
infrastructures present there, which is essential to improve the food security and autonomy 
of the country, its important weight in the negotiation in the regional market of water, 
strategic location in terms of proximity and accessibility to the large market of Maputo and 
also the important role that the region will have in the development process of Limpopo 
corridor.    
3.2.2 Climate and water resource 
According to Faculty of Agronomy and Forest Enginering (FAEF) (2001) the climate in 
Chokwe district is semi-arid dry with great rainfall variation during the year and among the 
years hence with high risk of harvest loss in rainfed agriculture. This rainfall pattern leads to 
just one growth period for the crops with duration of about 90 days and according to the group for 
vulnerability and mapping assessment, the probability of drought occurrence in these areas is 
greater than 30%.   
 
Despite the fact that is an area characterized by often dry spell occurrence, this district was 
severely affected by floods in 2000 with a magnitude which was never ever seen before in 
memory life, affecting harshly the economic and social life in the district.   
 
The temperature pattern along the year are grouped in two distinct periods: summer period 
with high temperatures from October to March and winter period going from May to 
August (winter), being April and September transition months from summer period to 
winter and from winter to summer respectively (Figure 8). The Figure 8 depicts that months 
with highest temperatures are December, January and February. 
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                   (Faculty of Agronomy and Forest Engineering-FAEF 2001)  
 
The annual average rainfall is 622 mm occurring in average in 60 days of rain. Similarly to 
the temperature pattern, there is also two distinct periods regarding to rainfall occurrence: 
the rainy season from October to April coinciding with the warm season which the rainfall 
occurrence is 88% of the total annual rainfall and the dry season from May to September 
with 12%. October and April are usually considered as transitions months, from dry to 
rainy and rainy to dry season respectively (Faculty of Agronomy and Forest Engineering 
2001). The region shows great variability in rainfall along different months. The rainfall 
concentrates more in December, January and February, though in October significant 
rainfall might occur (Figure 3.6).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Min. temp Aver. temp Max temp 
            Mean-STDV                    Mean+STDV                        Mean (curve in middle) 
Figure 3.5 Temperatures along the year for Chokwe district 
                   (Faculty of Agronomy and Forest Engineering-FAEF 2001)  
 
Figure 3.6 Rainfall pattern along the year for Chokwe district 
( Faculty of Agronomy and Forest Engineering-FAEF 2001) 
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As explained before, Chokwe Irrigation System is within the Limpopo River Basin. 
Currently there are in this basin about 40,000 ha equipped for irrigation but only 21,500 ha 
(data of 1994) are operational. In terms of soil, there is a potential for irrigation (at least 
150,000 ha) which overcomes the available water for irrigation. In Chokwe district the land 
suitability for irrigation is about 53,000 ha (Faculty of Agronomy and Forest Engineering 
2001).  
 
According to Faculty of Agronomy and Forest Engineering (2001) the current capacity of 
irrigation in the basin, considering the capacity of Massingir dam, foresees maximum area 
for irrigation of 105,000 ha with a confidence of 80%. In this estimation was considered an 
average value of 21,500 m
3
/ha/year for Chokwe Irrigation System and 12,000 m
3
/ha/year 
for other irrigation systems. 
3.2.3 Agriculture 
The agricultural production in Chokwe district occurs in two different environments: 
irrigated and rainfed agriculture. In rainfed agriculture the production is characterized by a 
mixture of crops with emphasis in maize, groundnuts in wet season and maize, cowpea or 
beans and cassava in dry season. Chokwe Irrigation System constitutes the main source of 
economic activity in the district. The main crops grown in the system are rice in wet season, 
maize and tomato in wet and dry season, beans and other vegetables like cabbage, onion, 
lettuce in dry season. 
 
The soil preparation for rice is done in the dry season from August to September and the 
sowing period is October-November. The soils are kept wet during the first 30 days after 
sowing followed by flooded period for about 100 days. During this period the fields are 
kept flooded with a water depth that varies between 50 and 100 mm. Before the rice 
harvesting, the soils are drained for 20 days.   
 
The farmers working in the irrigation system have their production activities oriented for 
subsistence and/or commercial endings and they are classified into three categories 
according to the cultivated area namely: 
 Small farmers, those who produces in areas  between 0.25 - 4 ha;  
 Medium farmers between 4 - 20 ha;  
 Big farmers those that produces in areas > 20 ha.  
 
Some variables that help to understand the differences between the 3 groups of farmers 
include: access to land; access to water is other important factor of differentiation among 
the farmers because some of them are close to the irrigation canals having naturally a 
comparative advantage; access to production factors, capacity to get labour, access to funds 
and use of fertilizers and pesticides. 
3.2.4 Irrigation infrastructure 
The Chokwe Irrigation System consists of an earth canal having a length of 14 km and 
current capacity of 45 m
3
/s (canal geral). This canal is subdivided into two canals, one main 
and secondary, the left earth canal partially lined (secondary canal) with a length of 13.2 
km and nominal discharge of 0.8 m
3
/s and the right earth canal (main canal) with 37 km of 
length and nominal discharge of 29 m
3
/s (see Figure 3.8). The right earth canal is 
20 
 
subdivided into two main canals, the “canal do rio” with a length of 41 km and nominal 
discharge of 10 m
3
/s and the Nwachicoluane canal with a nominal discharge of 4.5 m
3
/s and 
length of 9.8 km (FAEF 2001). 
 
In this irrigation system, the main canals are too large mostly in the upstream part of the 
system and this is because the system was designed to irrigate a command area of 26,000 
ha. Moreover the system was designed mostly for rice production and it is well known that 
this crop uses a lot of water; therefore all these factors make the main canals to be so large. 
Although the current cultivated area is just 23% of the command area, the size of the canals 
cannot longer be changed because the trends show an increase of the cultivated area along 
the seasons.   
 
The water is diverted from the main canals to secondary canals or distributors with a total 
length of 332 km and most of these are earth canals. From the secondary canals the water is 
released to the fields through tertiary canals made by concrete (but most of them 
destroyed). Each tertiary canal encompasses an area of 16 ha and the distance between 
them is about 360 m with a capacity of 32 l/s (see Figure 3.7). 
 
The drainage system with a total length of 750 km includes tertiary or field drains with 
depths between 0.7 – 1.0 m which are parallel to tertiary canals. These join the secondary 
drains which are parallel to secondary canals or distributors, and then finally connect the 
main drains. In total there 10 main drains which drain the water directly to the river or 
Chinanga lake located at downstream of the system (see Figure 3.7).  
21 
 
 
Figure 3.7 Chokwe Irrigation System network 
Secondary drains 
Main drains 
Secondary canals 
Main canals 
Limpopo River 
22 
 
 
 
Chokwe Irrigation System is entirely by gravity (except in the upstream part of the system) 
and the flow control method is upstream control. The water levels in the canals are 
controlled by automatic structures like AMIL gates and/or duck bill weirs (which keep 
constant the water level in the upstream part of the structure) associated with a baffle 
distributor that gives a constant discharge depending on the width of each compartment. 
 
According to Ankum (2004) AMIL gate is an automatic upstream water level regulator to 
maintain a constant water level on the upstream side irrespective of the incoming flow (see 
Figure 3.9). The gate, which is nearly closed at low discharge, opens progressively as the 
flow increases and the head loss at maximum discharge is very low (Alsthom, undated). 
According to Alsthom (undated) AMIL gate has several applications and advantages 
namely: avoiding overflows due to storms or faulty operation, automatic and accurate 
operation with no mechanical device – only one moving part, bottom flow reducing 
sediment deposits, etc.   
 
The AMIL gate consists of a balanced radial gate-leaf, a float attached to the front side of 
the leaf, a reversed bend of the gate-leaf at the top of the gate and two counterweights. The 
leaf of the gate is shaped to a trapezium and this provides the best flow conditions with a 
separation from all edges when the gate starts to open. To avoid jamming, there is a small 
gap between the side edges of the leaf in closed position and the walls of the structure. 
Therefore the gate cannot be fully tight (Ankum 2004). 
 
 
Figure 3.8 Main canal in Chokwe Irrigation System 
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Other cross regulator which is common in the Chokwe Irrigation System is duckbill weir. 
Ankum (2004) defines a duckbill weir as a water level regulator without moving parts and 
can be used for fixed water level control (see Figure 3.10). The duckbill weir can also be 
constructed with a gate. Such a gate can restrict the length of the structure, but the structure 
is not anymore a fixed structure without manual operation. The great advantage of long-
crested weirs is their simplicity in the construction and maintenance, and their reliability in 
operation. Mismanagement of the structure is impossible because there is no operation. A 
disadvantage of long crested weirs is its ability to trap sediment.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 AMIL gate in one of the main canals (canal do rio) of Chokwe Irrigation 
System 
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Associated to the above water level control are the baffle distributors also called 
“distributors” or “Neyrtec distributors” which are the most common offtake in the 
secondary canals. There are also used as intake for other two main canals (canal de 
Nhawchicoluane and canal do rio) (see Figure 3.12). According to Ankum (2004) these 
structures consist of a weir and a fixed metallic baffle and they are designed to supply 
constant discharges that are independent of the upstream water levels. The baffle distributor 
can be used for an on/off flow by opening or closing the slide gate or “shutter” and for an 
adjustable flow by opening or closing one or more “shutters” that are placed in parallel 
compartments.   
 
The baffle distributors at low entrance levels operate at weir-flow as the sill is shaped as 
sharp-crested weir. When the entrance water level rises, the water level above the weir 
reaches the bottom edge of the baffle, and the structure operates at orifice-flow (see Figure 
3.11) (Ankum 2004). 
 
According to Ankum (2004) several water levels are relevant in the design of baffle 
distributors and these water levels are measured above the crest of the sill: 
 The nominal water level yn is the water level for which exactly the design discharge 
is supplied; 
 The water level y+5% or water level y+10% is the upper limit for which the constant 
discharge Q+5% or Q+10% is supplied; 
 The water level y-5% or water level y-10% is the lower limit for which the constant 
discharge Q-5% or Q-10% is supplied. 
The operation of the main system in Chokwe Irrigation System is based on the water levels 
above described mainly the water level y-10% in the offtakes. 
Figure 3.10 Duckbill weir at maximum discharge 
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The advantage of the baffle distributor is its simple operation. All that is required for 
discharge regulation is to open or close the different shutters of the compartments. Once 
set, the combination can be locked. The discharge regulation is independent of upstream 
water level variations and the maintenance requirement of the baffle is low. The main 
disadvantage is its cost: the structure is expensive, especially when it has to be imported 
from France (Ankum 2004). 
 
Figure 3.11 Working principle of the single baffle distributor  (Ankum 2004) 
Figure 3.12 Example of offtake (baffle distributor) in Chokwe Irrigation System 
26 
 
3.2.5 Managing institutions 
There three institutions involved or indispensable in the operation and maintenance of the 
Chokwe Irrigation System: river basin authority (management unity for Limpopo River 
Basin – UGBL), irrigation agency (Chokwe Hydraulics, Public Enterprise – HICEP) and 
water user associations (WUA).  
 
The UGBL is responsible for the operation and maintenance of the Massingir and 
Macarretane dam and also for supplying water to Chokwe Irrigation System. The relations 
among UGBL and the irrigation agency are through a water supply contract. This contract 
is renewable each year before the beginning of the season (August) and the unit price per 
m
3
 is 0.097 MT (0.00388 US$). According to Societe Française D‟ingenierie (BCEOM) 
and Moçambique Consultoria e Gestão (2004) the relationship between these two 
institutions is problematic due to many reasons:  one is the fact of being dealing with an 
unforeseen water resource, (for instance season 2003/2004 was suspended due to the 
impossibility of the irrigation agency in the assurance of irrigation), different points of view 
in the unit price of the water and the debt of the irrigation agency.  
 
The main system of chokwe irrigation scheme is managed by an irrigation agency and the 
water management and maintenance practices in the secondary canals or distributaries are 
made by the water user association. This means that the point of management transfer is at 
different offtakes located along the main canal.    
 
For this irrigation system the mission of the irrigation agency is organized around the 
following components: 
 Management of irrigation with two main concerns: supply the water to the users and 
rational utilization by the users of the water delivered; 
 Conservation of hydraulic infrastructures mainly those that have been rehabilitated; 
  To responsibly the users in the administration, operation and maintenance of these 
infrastructures. 
 
The financial resources of the irrigation agency come from the water fees paid by the users. 
The water fee is paid according to the season and cultivated area. For wet season the fee is 
22 US$/ha and 10 US$/ha in dry season.     
 
The WUA are responsible for the water distribution from downstream of the offtake till the 
inlet of tertiary canals. The users of the same tertiary canal are responsible for the 
individual water distribution in that unity. Nowadays the WUA does not have gate 
operators (to control cross regulators and inlets – water police) in the secondary canal; 
therefore the users operate the structures according to their concern. That is why the 
irrigation agency is called often to settle conflicts in water distribution.  
 
In general, there is a great indiscipline of the users in terms of water use. Hereunder are 
shown some common examples in Chokwe Irrigation System: 
 Operation of water level regulator for your own concern and not for the group; 
 Excessive opening of tertiary outlets causing overflow in the tertiary canals; 
 Robbery of water in the neighbours. 
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4. Problem statement, research objectives and questions 
4.1 Problem statement 
The Limpopo River Basin is an important source of livelihood for about 2 million people in 
Mozambique. Although the river basin at times carries significant flows, it suffers from 
frequent droughts, which leads to regional crop production insecurity. The short but intense 
rainy seasons are not enough to provide perennial water to the Limpopo River and 
tributaries. In dry years, the flow in parts of those can occur only during 40 days. Besides 
this, a 30% silt and sand content in the flowing water implies a low water quality. These 
characteristics provide an arid or semi-desert designation to the catchment of the Limpopo 
River. The arid or semi-desert conditions present in the catchment of the Limpopo River 
affect the local population who rely on the water resources and are extremely vulnerable to 
the effects of drought and crop failure. Vulnerability is proven by the fact that about 1 
million people in the basin are currently dependent on food aid and starvation and 
malnutrition still occurs anyhow. Furthermore, water scarcity on the other hand can 
increase tensions among the neighbouring countries. The over-use of water upstream the 
Limpopo River, can cause severe water shortage in the lower catchment (Mozambique), 
which can be dry up to 8 months. This problem raises political tensions between South 
Africa and the downstream countries, especially Mozambique (Amaral & Sommerhalder 
2004). 
 
Therefore, addressing the water scarcity problem in the Limpopo River Basin and hence 
bettering the lives of the concerned communities requires interventions at regional, national 
and local levels: 
 At regional and national levels pertinent technical data based dialogue need to be 
conducted among the governments of the countries that rely on the Limpopo. The 
dialogue would have to be tailored at making an informed decision that ensures a 
fairer distribution of the river flow among the upstream and downstream users;   
 At a local level, each of the concerned countries, perhaps more so the downstream 
countries should invest in technological and institutional innovations aimed at: 
• Mitigating drought through for example the investment in water reservoirs 
such as the Macarretane and the Massingir dams and ensure that they are 
properly operated and maintained; 
• Producing more crop per less drop by improving the allocation, delivery 
and distribution of water in irrigation systems;  
• Analyzing the efficacy of the different government and non government 
institutions involved in the management of water resources and irrigation 
systems, and suggesting, as necessary improvement measures. 
 
This need for local level intervention is the main theme of this research. Its emphasis is on 
identifying measures to enhance the performance of irrigation system in Mozambique in 
general and the Chokwe Irrigation System in particular. The Chokwe Irrigation System 
(26,000 ha command area) is the largest irrigation system in Mozambique and is a source of 
livelihood for local and neighbourhood population.  
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The climate in Chokwe district is semi-arid dry with great rainfall variation during the year 
and among the years hence with high risk of harvest loss in rainfed agriculture. The average 
annual precipitation is about 620 mm occurring mainly from November to March and the 
average annual reference evapotranspiration is thereabout 1,500mm (Figure 3.4). These 
Figures show a clear need for the Chokwe and other similar irrigation systems that are 
properly maintained and operated and are capable of producing the maximum possible 
yield with the minimum available water resources. 
 
As indicated earlier, however, the Chokwe Irrigation System and most of the other 
irrigation systems in the Limpopo River Basin are currently in a bad to very bad condition, 
and only a relatively small part of the total command area is actually irrigated. The major 
problems identified in the Chokwe Irrigation System include a poor condition of hydraulic 
structures (leading to water losses in the canal), salinity, sedimentation in the irrigation 
canal and the lack of appropriate water management practices at tertiary level and clear 
irrigation schedule. All these factors can lead to an inefficient, unreliable, and inequitable 
water distribution. 
 
Therefore the optimum use of irrigation water is a fundamental aspect to reach a sustainable 
agriculture and use of water resource. Poor water distribution and management of water in 
irrigation systems is a major factor leading to low efficiency. This means that there is a 
need of improvement of water and irrigation supply systems to achieve an increased service 
performance which would induce more efficient water use and production. 
   
This research is the first of its kind, to properly analyze the collective implications of the 
different above mentioned factors on water delivery performance and efficiency of water 
use; the impact of the exiting cropping pattern and land use practices on land and water 
productivity as well as the strengths and weaknesses of the exiting institutions with regard 
to the operation and management of the Chokwe Irrigation System.  
 
The methods used, the analyses and results obtained and the subsequent recommendations 
made could be of useful contributions to the ongoing efforts by the Government of 
Mozambique and international development agencies to have in place effective irrigation 
systems as one of the necessary elements for bettering the livelihoods of the population. 
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4.2 Research objectives and questions 
 
In line with the above problem statement, the following research objectives and questions 
were formulated:  
 
Objectives  
The overall objective of the proposed research is to assess the performance of water 
distribution system of Chokwe irrigation scheme in Mozambique and to recommend 
possible improvements.   
 
The specific objectives were: 
 Assess the current operation rules of water distribution and maintenance practices in 
Chokwe Irrigation System;  
 Simulate and analyze alternative operational scenarios and maintenance practices to 
enhance system operational performance; 
 Evaluate the impact of different water delivery schedules on the main canal 
operation and crop yields; 
 
Research questions: 
 What are the current operation rules of water distribution and maintenance practices 
in Chokwe Irrigation System? 
 What is the influence of different gate operation on the operational performance of 
the irrigation system? 
 How can the performance indicators be adjusted to provide better results on the 
operational performance? 
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5. Performance assessment of Irrigation Systems 
Population increase and the improvement of living standards brought about by development 
will result in a sharp increase in food demand during the next decades. Most of this increase 
will be met by the products of irrigated agriculture. At the same time, the water input per 
unit irrigated area will have to be reduced in response to water scarcity and environmental 
concerns. Water productivity is projected to increase through gains in crop yield and 
reductions in irrigation water. In order to meet these projections, irrigation systems will 
have to be modernized and optimized (Playan and Mateos 2004).  
 
In the following sections it is presented the importance of performance assessment, 
particularly water delivery performance and the respective indicators. Further, the 
application of hydraulic models particularly DUFLOW in performance assessment is 
discussed. 
5.1 Need for performance assessment 
Performance assessment in irrigation and drainage can be defined as the systematic 
observation, documentation and interpretation of activities related to irrigated agriculture 
with the objective of continuous improvement (Molden et al 2007). The ultimate purpose of 
performance assessment is to achieve an efficient and effective use of resources by 
providing relevant feedback to management at all levels. Therefore, it may assist the system 
management in determining whether the performance is satisfactory and, if not, which and 
where corrective or different actions need to be taken in order to remedy the situation. 
 
According to Unal et al (2004) efficient operation and management of irrigation system 
plays an important role in the sustainability of irrigated agriculture. For this reason, 
irrigation project performance studies are being used with increasing frequency to promote 
this objective. Performance evaluations are being carried out for different purposes - to 
improve system operation, to assess the general health of a system, to assess impacts of 
intervention, to diagnose constraints, to better understand determinants of performance, and 
to compare the performance of a system with other systems or with the same system over 
time. 
 
Performance analysis is an essential part of management, it is needed to target and monitor 
actual achievements in operation and take appropriate actions if required. Performance of 
an irrigation system could be assessed for a number of reasons: i) to assess progress against 
strategic goals of a system, ii) to improve operations, iii) to evaluate impact of water 
delivery service on overall performance of the agriculture sector, iv) cost effectiveness and 
financial viability of the system, v) for comparison with other irrigation systems (Murray-
Rust and Snellen 1993). 
 
For this study, the main reasons for performance assessments are to assess the general 
health of the system regarding to water delivery and improve system operation. 
 
Different stakeholders will have different perceptions about irrigation performance (see 
table 5.1). 
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Table 5.1 Possible criteria of good system performance for different types of users 
 
Type of person Possible first criterion of good system performance 
Landless labourer  Increased labour demand, days of working and wages 
Farmer Delivery of an adequate, convenient, predictable and timely water supply 
Livestock keeper Readily accessible water for livestock 
Fisherman Maintaining the quantity and quality of water for aquaculture and capture 
fisheries 
Irrigation manager Efficient delivery of water from headworks to the tertiary outlets 
Agricultural economist High and stable farm production and incomes 
Economist High internal rate of return 
Politician Who receives benefits 
Broader society High water productivity, and best allocation of water resources 
Molden  et al (2007) 
 
Livestock keepers and fishermen, while perhaps not considered in the original design of 
irrigation systems, often become dependent on irrigation water. Politicians may be keenly 
concerned about who receives the benefit and what this means to their political power base, 
while farmers value a system that delivers a reliable, timely and adequate irrigation water 
supply. 
 
Performance assessment can be used in a variety of ways, including: 
 operational performance assessment by managers to determine how the operational 
processes are performing; 
 strategic performance assessment to understand how a system or organization is 
performing and using available resources; 
 diagnostic performance assessment to understand the causes of low or high 
performance; as a prelude to design and implementation of interventions for system 
improvement and rehabilitation; 
 comparative performance assessment and benchmarking to compare performance to 
set appropriate benchmark standards and identify processes that lead to higher 
performance; 
 assessing impact of irrigation to understand whether investments have paid off and 
understand the determinants of high or low productivity; 
 supporting adaptive management to respond to changing needs and environment. 
 
In the present research focus was given to operational performance. Operational 
performance assessment relates to the day-to-day, season- to-season monitoring and 
evaluation of scheme performance.  
 
Performance assessment covers different aspects of the management continuum. Two 
central elements are the irrigation and drainage infrastructure, and the management 
systems. The provision of these two components provide the irrigation water supply (and 
the drainage water removal) which supports, with other inputs, crop production leading to 
farmer income. This in turn leads to the ability to pay the irrigation service fee, which 
supports the management and the maintenance and replacement of the irrigation and 
drainage infrastructure. In the management context control systems are required to deliver 
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water, manage maintenance and account for finances. In this context, different boundaries 
can be set for performance assessment – it can be limited to the financial systems (such as 
with an annual audit), or it can extend over the entire „„system‟‟ to cover the water delivery, 
agricultural production, fee payment and system maintenance (Molden et al 2007). 
 
According to Molden et al (2007), indicators provide information for decision-makers to 
assess performance and are typically set up in the form of ratios. The service specification 
provides the basis for operational performance assessment. It provides the intentions of 
irrigation management and operational performance is measured against these intentions. In 
the next section it is presented the indicators to assess the performance of water delivery 
systems. 
5.2 Water delivery system performance 
The success of an irrigation water- delivery system can be measured by how well it meets 
the objectives of delivering an adequate and dependable supply of water in an equitable, 
efficient manner to users served by the system. If water does not arrive at farms in an 
adequate and timely amount, crop yields may suffer and farm net returns may decrease. 
Also, it is important that each farmer receives a fair, while not excessive, amount of water. 
 
To evaluate how well an irrigation-water-delivery system is functioning, and to make 
decisions about designing or rehabilitating a system, requires definition of measures for 
system performance and standards for assessing the values of those measures. Performance 
measures should be functions of state variables that have a direct impact on the fulfilment 
of system objectives, should be intuitively easy to interpret, and should be relatively easy to 
measure or predict (Molden and Gates 1990). The major state variables that determine 
water-delivery-system performance may be defined in terms of an amount of water Q, 
which may refer to rate, volume, frequency, or duration of water delivery. 
 
The water-delivery-service performance measures deal with issues of adequacy, equity, and 
reliability. Is a sufficient amount of water available to irrigate the crops that are being 
grown? Are all water users provided with an equitable level of service and with their fair 
share of water? Is water delivered when it is needed, and at the required flow rate and 
duration? Is water effectively utilized within the project, or does diverted water go unused? 
Does unused water cause drainage or salinity problems? These are the type of issues 
addressed with these performance parameters (Clemmens and Molden 2007). 
 
In this research four indicators proposed by Molden and Gates (1990) and subsequently 
applied by Unal et al (2004), Shahrokhnia and Javan (2005), Vandersypen et al (2006), 
Chen et al (2008) were used to assess the water distribution system namely adequacy, 
efficiency, dependability and equity which are performance objectives considered when 
evaluating irrigation water delivery. 
5.2.1 Water delivery performance indicators 
 
Adequacy 
A fundamental concern of water-delivery systems is to deliver the amount of water required 
to adequately irrigate crops. The required amount, determined as that needed to achieve the 
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given agricultural policy, is a function of the area of land irrigated, crop consumptive-use 
requirements, crop-water production functions, application losses, and cultural practices, 
such as land preparation and salt leaching. Adequacy of delivery is dependent on water 
supply, specified delivery schedules, the capacity of hydraulic structures to delivery water 
according to the schedules, and the operation and maintenance of the hydraulic structures 
(Molden and Gates 1990). 
 
The adequacy can be estimated for an irrigation system as a whole, or for subsystems and 
sub-command areas. Locally, for an offtake, the adequacy is simply the ratio of actual to 
required delivery. The adequacy is computed using the equation (1) and the values lower 
than 1 shows the inadequate delivered water while the values higher than 1 show that the 
delivered water is more than enough. 
 
 
 
Where: 
PA - the performance measure relative to adequacy at subsystem or system level; 
pA – adequacy for a single point (e.g. offtake) or simply delivery performance ratio; 
QD - the actual amount of delivered water; 
QR - the intended (required) amount of water; 
R - region served by the system (secondary canals for this study); 
T - time period (irrigation season). 
 
Note that the adequacy value becomes 1 if the delivered discharge is higher than the 
targeted or required discharge, showing that this indicator will not penalize the water user 
for receiving more water than intended. But this may also create an environmental problem 
and efficiency problem if the water supply is too much as the indicator does not indicate 
what is the magnitude of water that is above the targeted supply. This problem however is 
tackled in the efficiency indicator (see below) which is exact opposite of adequacy 
indicator. Therefore, it is important to use both these indicators for analyzing water delivery 
service. 
 
Efficiency 
Efficiency refers to the water conservation property of the system, i.e., its ability to 
minimize water losses due to oversupply. According to Molden and Gates (1990) resource 
conservation plays an important role in water delivery because water saved may result in 
less expenditure on infrastructure and can possibly be allocated to fully meet existing 
requirements or irrigate more land. Conveyance efficiency, which indicates the relative 
amount of water lost in a reach due to canal seepage and overflow, is typically used to 
address the objective of efficiency in irrigation and water-delivery systems.   
 
Another type of overuse, or loss, of water not directly reflected in the concept of 
conveyance efficiency is the delivery of a more than adequate supply of water to diversion 
points within the system. A water-delivery system that delivers a greater-than-adequate 
supply does not conserve water resources. Additionally, excess water deliveries to farms 
(1) 
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promote conditions of waterlogging and salinity. It is this efficiency at points of delivery 
that is concerned with in this research. 
The objective of water delivery efficiency is to conserve water by matching water 
deliveries with water requirements. A measure of this objective would be the spatial and 
temporal average of the ratio of QR to QD as shown in equation 2: 
 
 
 
Where: 
PF - the performance measure relative to efficiency at subsystem or system level; 
pF – efficiency for a single point (e.g. offtake); 
QD - the actual amount of delivered water; 
QR - the intended (required) amount of water. 
R - region served by the system 
T - time period (irrigation season) 
 
Efficiency is lower than 1.0 when actual deliveries are greater than required. A system 
under water stress (QR>QD) always has a level of efficiency equal to 1.0. 
 
A good performance at system level, e.g. the total volume delivered is equal to the target, 
does not mean that all the units receive their due amount of water. This may mean that 
water supply to some units or sub systems is too high while to others is too low which 
makes the total amount of water delivered at the system level equals to or greater than the 
targeted or required. That is why it is better to consider further indicators when assessing 
performance of water delivery system like dependability (uniform delivery over the time) 
and equity (delivery of fair amount of water). 
 
Dependability or Reliability  
Dependability is defined as temporal uniformity of the ratio of the delivered amount of 
water to the required or scheduled amount. A system that performs in a consistent manner 
may be considered dependable. Dependability of water delivery is important to farmers 
because it allows for proper planning. A system that dependably delivers an inadequate 
amount of water may be more desirable than one that delivers on the average an adequate 
yet unpredictable supply. A farmer can plan for a dependable delivery of an inadequate 
supply of water by planting less or growing different crops or adjusting other farming 
inputs. However, a farmer cannot easily plan when the supply of water is unpredictable 
(Molden and Gates 1990). 
 
According to Unal et al (2004) dependability expresses the ability to find water at the right 
time and in the place desired in the system. In this respect, dependability comes to mean 
that the water can be delivered at promised flow rate and duration. The major reason for 
low performance of irrigation systems are undependable water distribution. Water that is 
supplied undependably is comparable to rainfall, which cannot be controlled. The 
uncertainty and undependability in the delivery may cause confusion and conflict among 
farmers. Murray-Rust and Snellen (1993) refers that reliability is a more difficult objective 
to assess because it is subjective, dealing with the quality of irrigation service rather than 
(2) 
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the quantity. It covers reliability of discharges or water levels (stability) and reliability of 
timing of deliveries (predictability). 
The degree of temporal variability in the ratio of amount delivered to amount required that 
occurs over a region or in other words dependability, may be measured through equation 
(3) shown hereunder. 
 
 
 
Where:  
                    PD - performance measure relative to dependability or reliability; 
 - Temporal coefficient of variation of the ratio of QD/QR over time period T.            
 
The degree of temporal variability can be qualified by the value of indicator PD.  The closer 
the value of this indicator is to zero, the more reliable the relative delivery becomes over 
time.  
 
Equity 
Equity, as related to water-delivery systems, can be defined as the delivery of a fair share of 
water to users throughout a system. A share of water represents a right to use a specified 
amount. The fair share of water may be based on a legal right for water, as in a prior 
appropriation system, or may be set as a fixed proportion of a water supply, as is done in 
many rotational delivery schemes. Equity of water delivery is a difficult objective to 
measure because there are many factors that determine the meaning of a "fair share," and 
because a fair share is often interpreted subjectively. However, it is important to define 
measures relating to equity so that systems can be designed or rehabilitated to deliver water 
in an impartial manner to users served by the system. Several alternative definitions of 
water-delivery equity have been suggested but in the present study, equity is defined as 
being spatial uniformity of the ratio of the delivered amount of water to the required or 
scheduled amount (Molden and Gates 1990). This proposed measure is given as: 
 
 
 
Where: 
                    PE - the performance measure relative to equity; 
 - Spatial coefficient of variation (ratio of standard deviation to mean) of the          
ratio QD/QR (relative water delivery) at delivery points over the hydraulic level 
or reaches R. As the value of PE is close to zero, the degree of equity in water 
delivery would be higher.  
 
Once the values of performance measures are estimated for a given state of a system, those 
values can be used to analyze the system for the purposes of evaluation and planning. If the 
performance is not in acceptable range, action may be taken to investigate alternatives for 
system rehabilitation. Table 5.2 shows the performance standards proposed by Molden and 
Gates (1990) and followed in this research. 
(3) 
(4) 
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Table 5.2 Performance standard for water delivery indicators 
 
Measure Performance Classes 
 Good Fair Poor 
Adequacy 0.9 – 1.00 0.80 - 0.89 <0.80 
Efficiency 0.85 – 1.00 0.70 – 0.84 <0.70 
Equity 0.00 – 0.10 0.11 – 0.25 >0.25 
Dependability 0.00 – 0.10 0.11 – 0.20 >0.20 
   Source: Molden and Gates (1990) 
 
The results obtained in this work regarding to water delivery indicators were compared to 
the proposed standard indicators presented in table 5.2, but looking at the limits of the 
categories good and fair for efficiency and adequacy, the difference does not make sense. 
For example 0.89 for adequacy is considered fair and 0.9 is considered good, 0.84 for 
efficiency is classified as fair and 0.85 as good. So it is seen that this standards has some 
limitations, therefore the classes, “good”, “fair” and “poor” should be always related to the 
crop yield. Furthermore, the threshold for efficiency indicator, category “poor” considered 
0.7, should be revised because the efficiency of most surface irrigation system in 
developing countries is around 0.5. 
5.3 Application of hydraulic model to assess the performance of water distribution  
In developing countries like Mozambique, lack of financial resources and proper 
infrastructure are the major obstacles in improving the efficiency of the irrigation systems 
through physical development.  
 
According to Islam et al (2008) performance of large irrigation systems can be improved 
through hardware (physical/structural) changes, such as canal lining and installation of 
control structures, as well as through software (operational) improvements, such as proper 
operation, use of appropriate delivery rules, and improved communication between water 
supply agency and water user. 
 
Improving the performance of the major irrigation projects is one of the economically 
viable options in meeting the growing water demands and sustaining the productivity of 
irrigated agriculture under present financial, environmental, and physical constraints. 
Hydraulic simulation models can serve as useful tools for assessing the performance of 
irrigation systems by studying the flow behaviour in a large and complex canal network 
under a variety of design and management scenarios (Islam et al 2008). 
 
Kumar et al (2002) refers that canal hydraulic-models can be used to understand the 
hydraulic behaviour of large and complex network, to evaluate their performance and to 
improve the operation and management of such system at low cost. In most of the large 
irrigation systems, tail-ender deprivation caused by excess withdrawal of water in the head 
reach is one of the major problems. Flow simulation by a hydraulic-model can quantify this 
excess withdrawal.   
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The monitoring, analysis, and evaluation of hydraulic phenomenon in large irrigation 
projects is quite a difficult task because of the vast network of canals, equipped with 
numerous manually operated gates at each bifurcation point, and a large number of field 
outlets. The hydraulic simulation models offer a viable alternative in improving the canal 
operation and management by understanding the flow behaviour in a canal network under a 
variety of design and operating conditions (Islam et al 2008).  
 
It is also refereed by Islam et al (2008) that over the years, a number of hydraulic 
simulation models have been developed to understand the flow behaviours in open-channel 
networks for improving the planning, design, and operation of canal systems. These models 
solve one-dimensional continuity and momentum equations, commonly known as the 
Saint-Venant equations, to simulate the gradually varying unsteady flow in open-channel 
networks. According to Islam et al (2008) the ASCE Task Committee on Irrigation Canal 
System Hydraulic Modelling evaluated and compared five models, namely CANAL, 
MODIS, DUFLOW, USM and CARIMA based on technical merits, modelling capabilities, 
and user friendliness. These models primarily differ in their ability to handle a variety of 
boundary conditions such as combination of weir/undershot gates (orifice), hydraulic gates, 
siphons, pumps, etc., user friendliness, adequacy of documentation, and hardware 
requirement. Many times these models need modification to incorporate system-specific 
structural or operational setting of an irrigation system not included in the model. 
 
In this research DUFLOW model was used to simulate different gate operations for 
Chokwe Irrigation System. DUFLOW was selected because it is better for my specific 
objectives, easily understandable and easy to use, its compatibility with Geographical 
Information Systems (GIS) facilitates the representation and display of the irrigation 
system, is more or less known by the author of this work, hence was easier to model the 
system and finally it was easily acquired.  
5.3.1 Description of DUFLOW model 
The DUFLOW Model (DUFLOW 3.3, 2000) was jointly developed in The Netherlands by 
the Rijkswaterstaat, International Institute for Hydraulic and Environmental Engineering 
(IHE), Delft University of Technology, STOWA (Dutch acronym for the Foundation for 
Applied Water Management Research), and the Agricultural University of Wageningen.  
 
The DUFLOW product is designed for various categories of users. The model can be used 
by water authorities and designers. 
 
Foundation for Applied Water Management Research (2002) refers that the major 
advantage in engineering education is the short learning time which is due to its program 
structure and user-oriented input and output. In water management the model can be used 
to simulate the behaviour of a system due to operational measure such as opening or 
closing of sluices, switching on pumping stations, reduction of pollutant loads etc. and thus 
to optimise the day-to-day management decisions and to evaluate management strategies. 
In a consultancy environment the model can be used in the design of hydraulic structures, 
flood and salt prevention and river training measures. 
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DUFLOW is designed to cover a large range of applications, such as propagation of tidal 
waves in estuaries, flood waves in rivers, operation of irrigation and drainage systems, etc. 
Basically, free flow in open channel systems is simulated, where control structures like 
weirs, pumps, culverts and siphons can be included. As in many water management 
problems, the runoff from catchment areas is important; a simple precipitation-runoff 
relation is part of the model set-up in DUFLOW (Foundation for Applied Water 
Management Research 2002). 
 
Water quality is an increasing concern in water management, e.g. problems of algal bloom, 
contaminated silt, salt intrusion etc. More often than not, water quality has to be described 
by a (sometimes large) number of parameters, therefore DUFLOW allows for a number of 
quality constituents, and it is able to model the interactions between these constituents. 
 
DUFLOW is efficient both in terms of computation time and required memory, thus 
allowing the processing of large models. Computation time is usually in the range of 
minutes up to one hour. 
 
In the DUFLOW model boundary conditions can be specified as: 
 Water levels or discharges, either constant or in the form of time series or Fourier series;  
 Additional or external flow into the network can be specified as a time dependent 
discharge or can be computed for a given rainfall, using the simple precipitation runoff 
relation of DUFLOW or the extended precipitation-runoff module RAM;  
 Discharge-level relations (rating curves) in tabular form.  
 
The DUFLOW modelling studio consists of the following parts: 
1. DUFLOW water quantity: with this program one can perform unsteady flow 
computations in networks of open water courses. 
2. DUFLOW water quality: this program is useful in simulating the transportation of 
substances in free surface flow and can simulate more complex water quality 
processes. 
3. RAM precipitation runoff module: with RAM one can calculate the supply of 
rainfall to the surface flow. RAM calculates the losses and delays that occur before 
the precipitation has reached the surface flow. 
4. MODUFLOW (not integrated in DMS 3.3): this program simulates an integrated 
ground-water and surface water problem 
 
In this research the simulations were done in DUFLOW water quantity part. 
5.3.2 Physical and mathematical background of the model 
DUFLOW is based on the one-dimensional partial differential equation that describes non-
stationary flow (unsteady flow) in open channels (Foundation for Applied Water 
Management Research 2002). 
 
These equations, which are the mathematical translation of the laws of conservation of 
mass and of momentum, read: 
 
40 
 
 
 
and 
 
 
 
While the relation: 
 
 
 
holds and where:   
t           - time [s] 
x          - distance as measured along the channel axis [m] 
H (x, t) - water level with respect to reference level [m] 
v (x, t) - mean velocity (averaged over the cross-sectional area) [m/s] 
Q (x, t) - discharge at location x and at time t [m
3
/s] 
R (x, H) - hydraulic radius of cross-section [m] 
a (x, H) - cross-sectional flow width [m] 
A (x, H) - cross-sectional flow area [m
2
] 
b (x, H) - cross-sectional storage width [m] 
B (x, H) - cross-sectional storage area [m
2
] 
g            - acceleration due to gravity [m/s
2
] 
C (x, H) - coefficient of De Chézy [m
1/2
/s] 
w(t)        - wind velocity [m/s] 
Φ(t)        - wind direction in degrees [degrees] 
φ(x)        - direction of channel axis in degrees, measured clockwise from 
                 the north [degrees] 
γ(x)         - wind conversion coefficient [-] 
α             - correction factor for non-uniformity of the velocity 
                 distribution in the advection term, defined as: 
 
                      
                 where the integral is taken over the cross-section A. [m
2
] 
 
The mass equation or continuity equation (5) states that if the water level changes at some 
location this will be the net result of local inflow minus outflow at this location. The 
momentum equation (6) expresses that the net change of momentum is the result of interior 
and exterior forces like friction, wind and gravity. For the derivation of these equations it 
has been assumed that the fluid is well mixed and hence the density may be considered to 
be constant. The combination of equations (5) and (6) is known as the Saint Venant or 
dynamic-wave equations. 
 
(5) 
(6) 
(7) 
(8) 
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The advection term in the momentum equation: 
 
 
 
can be broken into 
 
 
 
The first term represents the impact of the change in discharge. The second term which 
expresses the effect of change in cross-sectional flow area is called the Froude term. In case 
of abrupt changes in cross-section this Froude term may lead to computational instabilities. 
5.3.3 Limitations of the model 
Some of the limitations of the equations and methods used in DUFLOW are: the equations 
are for one-dimensional flow. This means that the flow of the water in a section will be 
averaged over the width and depth of that section. DUFLOW is therefore not suitable for 
performing calculations of flows in which an extra spatial dimension is of interest. Water 
bodies with significantly different velocities in the vertical can therefore not be modelled. 
For instance the model is not suitable for stratified waters. Also the flow must be directed 
roughly parallel to the channel axis. A lake can be schematised by a network with several 
sections. The results, however, have limited validity. 
 
As mentioned, vertical density differences are not taken into account; also horizontal 
density differences are not modelled because the density is assumed to be constant 
throughout.  
 
Although the equations underlying the model are valid in case of supercritical flow, the 
numerical solution method does not support supercritical flow. In structures the calculation 
of super critical flow is not a problem. Because subcritical flow is assumed there must be 
one boundary condition at each of the boundaries of the network. 
 
According to Clemmens et al (1993) DUFLOW has several minor limitations in modelling 
canal networks. DUFLOW is limited to about 250 channel sections and structures. This is 
not too serious a limitation since a network of this size would take a very long time to 
execute even for short time periods. Cross sections can be defined with up to 15 depth-
width pairs. The number of boundary conditions multiplied by the number of time steps 
may not exceed 50,000. The discharge-water level relationships for boundary conditions 
are limited to 20 pairs of values. Each structure operation can have up to 99 triggers, but the 
number of operations times the number of structures per operation cannot exceed 16. Data 
are input and output only in metric units. 
 
 
(9a) 
(9b) 
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5.4 Description of CROPWAT model 
CROPWAT 8.0 for Windows is a computer program for the calculation of crop water 
requirements and irrigation requirements from existing or new climatic and crop data. 
Furthermore, the program allows the development of irrigation schedules for different 
management conditions and the calculation of scheme water supply for varying crop 
patterns. 
 
The main purpose of CROPWAT is to calculate crop water requirements and irrigation 
schedules based on data provided by the user. These data can be directly entered into 
CROPWAT or imported from other applications. 
 
For the calculation of crop water requirements (CWR), CROPWAT needs data on 
evapotranspiration (ETo). CROPWAT allows the user to either enter measured ETo values, 
or to input data on temperature, humidity, wind speed and sunshine, which allows 
CROPWAT to calculate ETo using the Penman-Monteith formulae. 
 
The FAO Penman-Monteith method is recommended for determining ETo because it 
provides values that are very consistent with actual crop water use data worldwide, as it has 
been demonstrated through many years of evaluations reported in the scientific literature. 
This method overcomes the shortcoming of previously recommended methods, and 
explicitly incorporates both physiological and aerodynamic parameters. Moreover, 
procedures have been developed for using this method even with limited climatic data.  
 
Rainfall data are also needed, and are used by CROPWAT to compute effective rainfall 
data as input for the CWR and scheduling calculations. Finally, crop data (dry crop or rice) 
are needed for the CWR calculations and soil data if the user also wants to calculate 
irrigation schedules (dry crop or rice). 
5.4.1 Program structure 
The CROPWAT program is organized in 8 different modules, of which 5 are data input 
modules and 3 are calculation modules. These modules can be accessed through the 
CROPWAT main menu but more conveniently through the Modules bar that is 
permanently visible at the left hand side of the main window. This allows the user to easily 
combine different climatic, crop and soil data for calculation of crop water requirements, 
irrigation schedules and scheme supplies.  
 
The data input modules of CROPWAT are: 
 Climate/ETo:  for the input of measured ETo data or of climatic data that allow 
calculation of ETo Penman-Monteith; 
 Rain: for the input of rainfall data and calculation of effective rainfall; 
 Crop (dry crop or rice ): for the input of crop data and planting date; 
 Soil: for the input of soil data for (only needed for irrigation scheduling); 
 Crop pattern: for the input of a cropping pattern for scheme supply calculations 
 
The calculation modules of CROPWAT are: 
 CWR - for calculation of Crop Water Requirements 
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 Schedules (dry crop or rice) - for the calculation of irrigation schedules 
 Scheme - for the calculation of scheme supply based on a specific cropping pattern 
 
The crop water requirement module includes calculations, producing the irrigation water 
requirement of the crop on a decade basis and over the total growing season, as the 
difference between the crop evapotranspiration under standard conditions (ETc) and the 
effective rainfall. 
 
The Schedule module essentially includes calculations, producing a soil water balance on a 
daily step. This allows to: 
 
 Develop indicative irrigation schedules to improve water management; 
 Evaluate the current irrigation practices and their associated crop water productivity; 
 Evaluate crop production under rainfed conditions and assess feasibility of 
supplementary irrigation; 
 Develop alternative water delivery schedules under restricted water supply 
conditions. 
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6. Methodology 
According to the objectives of this study, data on canal operation, climate and cropping 
pattern practiced in chokwe irrigation scheme is required. Due to time limitation for 
collecting the data, was impossible to look for the all secondary canals, hence a selection of 
these was done.   
6.1 Selection of canal 
The performance measures discussed in section 5 were applied in 15 secondary canals 
located at different points in the system (Upstream, middle and downstream). The 
selections of these secondary were based on the condition of the structures (operational) 
and canals, availability of data regarding to water levels and discharge and finally the size 
of cultivated area. According to those criteria fifteen secondary canals were chosen namely: 
canal esquerdo, D1, D2, D3 (upstream part), D5, D7A, D8, D9, D10, D11, D12 and N3 
(middle) and CR5 and CR6 (downstream) (see figure 3.6).  
6.2 Data collection 
In the locations mentioned in section 6.1, data on canal cross-sections, control structures in 
the main system, lateral off-take structures was collected from the irrigation agency and 
some were measured. The bed level of the canals was obtained by surveying with levelling 
instrument. There were difficulties to get the bottom level of the secondary canals because 
along these canals the benchmarks were completely destroyed or their location was not 
known. Therefore it was possible to get the bottom level only in the beginning of the 
secondary using the offtake structure as benchmark and for the rest of the canal was 
assumed a certain slope according to survey done in 2003. Data collected from the 
irrigation agency includes daily water level, discharge delivered and cultivated area for 
each secondary and also data regarding to the cross regulators along the main canal (see 
appendix 2). 
 
In order to estimate the volumes of water requested by the farmers, crop water requirements 
were computed through the CROPWAT program. The computation of the irrigation 
requirements were done for wet and dry season. In wet season the growth period considered 
goes from 16 October to 12 February whereas in dry season from 18 April to 20 August. 
The climate data of the region was obtained from CLIMWAT 2.0.  Data about crops, yield, 
irrigation schedule and duration of irrigation were collected through interviews to famers 
(about 20 farmers were interviewed).  
6.3 Computation of performance indicators 
To evaluate how well the water delivery system in Chokwe Irrigation System is 
functioning, measures of system performance has to be defined. For this study four 
indicators proposed by Molden and Gates (1990) to assess the water delivery performance 
were used namely adequacy (PA), efficiency (PF), dependability (PD), and equity (PE). 
These indicators were computed using equations 1-4 on monthly basis during wet and dry 
season for the selected 15 secondary canals. 
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The required discharges were computed through CROPWAT model 8.0 (irrigation 
requirements) and the delivered discharge in each secondary offtake were obtained from the 
irrigation agency. 
 
In order to improve the performance indicators computed for Chokwe Irrigation System 
two approaches were followed: cropping pattern and operation of the system which is 
discussed in section 6.5.   
 
For the cropping pattern the scenario considered in this study was the computation of the 
performance indicators with the current discharge delivered in case of an increment in the 
current cultivated areas in the selected secondary canals by double. 
6.4 Water delivery schedules to be studied 
For this study, two options of water delivery schedules, representing two levels of schedule 
flexibility, were studied. As the abundance and shortage of water supplies can make a 
significant difference in the performance of an irrigation system, the selected water delivery 
schedules were tested in order to have less than actual amount of irrigation requirements for 
the current scheduling practiced by the farmers in Chokwe Irrigation System without 
having yield reduction.  
 
Fixed schedule 
The schedule was fixed at the beginning of the irrigation season as to frequency, rate and 
duration. The irrigation interval and the irrigation water delivery were fixed. 
 
Flexible schedule  
The irrigation depths are based on crop water requirements, in other words, for this 
scenario, the irrigation interval was fixed but the irrigation water delivery is variable.  
6.5 Application of the hydrodynamic model DUFLOW 
In this study, the use of water quantity control in line with DUFLOW modelling will help 
to find out how the performance of irrigation system can be improved by better operation of 
gates and weirs. This model was used to simulate water quantity in different locations of 
the canal network selected in section 6.1. 
 
The network editor needs to be prepared to run the model. The network editor is a graphical 
editor that enables the network schematization to be interactively drawn. The map layers 
for different features have been imported from ArcView GIS. The schematization is built 
up of nodes and sections. The schematization diagram was set up by defining the structures, 
cross sectional data, and schematization points in the main system and selected secondary 
canals. The schematization of Chokwe Irrigation System is shown in Figure 6.1.  
 
Initial conditions 
In order to start the computations, the DUFLOW model requires initial conditions of water 
level at respective nodes and discharge at corresponding sections and structures defined in 
schematization of canal network under study. For this study was considered as initial 
conditions discharge zero and water level in the all points of the network as 33.0 m  
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(by trial, it was taken 3 m above the floor level (30 m) at the intake). Therefore the first part 
of the results or output was ignored due to the assumption of initial conditions. 
 
Boundary conditions 
The boundary conditions considered in this study are: water level in the upstream part of 
the system more specifically in the upstream part of the intake taken as 32 m (average water 
level upstream of the intake during the irrigation season). The downstream boundary 
condition was Q-H relationship which was derived according to the cross section of the 
canals. So in the end of each secondary or main canal the boundary condition is Q-H 
relationship (see appendix 4).  
 
The scenarios considered in this study consist on the different options for the gate opening 
in the intake and first regulator of the system. Besides the scenarios presented in table 6.2 
additional adjustments were made in other structures along the main system. 
 
Table 6.1 Scenarios for DUFLOW simulation 
Location in the system Scenario 1 Scenario 2 Scenario 3 
 
Intake 
All the gates opened 
0.4 m 
8 gates opened      
0.4 m 
8 gates opened      
0.7 m 
 
First regulator 
All the gates opened 
0.5 m 
6 gates opened     
0.5 m 
5 gates opened      
0.25 m 
 
  
Figure 6.1 Schematization of Chokwe Irrigation System in DUFLOW model 
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7. Results and Discussion 
7.1 Cropping pattern 
During the wet season 2007-2008 were grown in Chokwe irrigation scheme as main crops, 
rice, maize and tomatoes (see table 7.1). It is clearly seen from table 7.1 that rice is the 
main crop grown during the wet season with an area of 1,920 ha (2,900 ha for the whole 
scheme), followed by maize with 314 ha (644 ha for the entire scheme) for the selected 
secondary canals. The rice production is mostly done in the canals located in the middle of 
the scheme such as D9, D10, D11 and D12 given that in this part of the scheme the soils are 
mostly heavy clay. It is also seen from table 7.1 that relatively large areas of maize were 
cultivated in the canal esquerdo.  
 
Table 7.1 Cultivated area in some of the secondary canals (ha) during wet season 2007-
2008 
 
In dry season the copping pattern is little bit different, given the climatic conditions of the 
season. In this season rice is not produced because the water availability is limited given 
that the rainfall has little contribution on the irrigation requirements. Table 7.2 shows that 
during dry season 2007-2008  maize was the main crop produced with 899 ha (2,100 ha for 
the entire scheme), followed by tomato with 476 ha (1,130 ha for the entire scheme) and 
onions with 142 ha (208 ha for the whole scheme) for the selected secondary canals. The 
third crop most produced during this season for the whole scheme after maize and tomatoes 
is beans (Phaseolus vulgaris) with 378 ha. For the selected secondary canals this crop 
contributes with 132 ha. During this season most of the agricultural activities are developed 
in the upstream and middle of the scheme mostly by medium (4-20 ha) and big farmers 
(>20 ha).  
 
It is also grown in both seasons small vegetables like cabbage, lettuce and pepper. 
Secondary canals Rice Maize Tomato Total 
Esquerdo 0 154 6 159 
D1 0 28 0 28 
D2 0 32 0 32 
D3 3 3 3 8 
D5 64 16 5 85 
D7A 29 7 40 76 
D8 106 13 16 134 
D9 145 5 17 167 
D10 380 6 13 399 
D11 595 1 8 605 
D12 236 8 13 256 
D13D 14  0 8 22 
R5 105 21 23 149 
R6 135 15 20 170 
N3 105 8 9 121 
TOTAL 2,400 
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Table 7.2 Cultivated areas in some of the secondary canals (ha) during dry season 2007-
2008 
 
Secondary 
canals 
Maize Tomato Beans Cabbage Onion Total 
Esquerdo 388 28 58 6 13 492 
D1 95 4 1 0 0 100 
D2 179 28 17 0 0 224 
D3 13 4 1 0 0 18 
D5 80 8 6 2 0 95 
D7A 56 46 8 8 15 131 
D8 7 61 1 4 2 75 
D9 10 80 24 0 20 134 
D10 17 48 2 2 36 104 
D11 18 16 0 4 44 82 
D12 0 17 2 0 1 20 
D13D 2 22 1 2 0 27 
R5 11 38 5 6 8 67 
R6 10 59 5 5 3 80 
N3 15 20 3 0 1 38 
TOTAL 1,700 
 
7.2 Irrigation requirements  
According to the cropping pattern described in section 7.1 it is clearly seen that the water 
use is greater during the wet season given that rice is grown in this period. As can be seen 
from table 7.1 rice and tomatoes are the most water consumers in this season. During the 
whole season rice needs larger amount of water in the fields and the peak period in terms of 
irrigation requirements for the all crops is in December depending of course on the date of 
sowing. Maize does not need too much water and in February the irrigation requirements 
were zero. 
 
            Table 7.3 Irrigation requirements in mm/month for wet season 2007-2008 
 
 October November December January February 
Rice 826 266 281 241 73 
Maize 4 72 269 219 0 
Tomato 60 164 262 74 0 
 
During the dry season more crops are grown but the irrigation requirements still less than 
wet season for the secondary canals selected for this study. From table 7.4 is seen that 
cabbage is the major consumer of water followed by maize. The peak period for irrigation 
was in June and most likely in July, given that these are the months with least precipitation.  
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Looking for both seasons, it is seen that the irrigation requirements for tomato in wet and 
dry season are a bit less than maize. Indeed the crop water requirements for tomato are 
greater than maize but depending on the growth cycle, date of sowing and hence climate 
conditions the irrigation requirements varies.  
 
              Table 7.4 Irrigation requirements in mm/month for dry season 2007-2008 
  April May June July August 
Maize 8 41 134 148 47 
Tomato 32 92 133 79 0 
Beans 11 56 132 122 6 
Cabbage 42 88 112 133 72 
Onion 42 93 117 83 0 
7.3 Performance indicators for water delivery in wet season 
After having an overview of the irrigation requirements for both seasons, in this section it is 
shown whether the performance objectives of the irrigation water delivery are met or not. 
In this way four indicators, PA, PF, PD, and PE, were computed through equations (1-4) 
for both seasons. 
 
The adequacy indicator shows that the crop water requirements (CWR) during the rainy 
season 2007/2008 were achieved. In this season the adequacy varies from 0.79 in October 
to 1.00 in February (Figure 7.1). According to Figure 7.1, it can be seen that the adequacy 
from November to February was good whereas in October was poor most likely because is 
the beginning of the season, the water demand is too high. The overall adequacy PA for this 
season was 0.94 which is considered good. According to this indicator, the irrigation 
agency succeeded by establishing good conditions for crops in terms of water for irrigation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1 Adequacy for rainy season 2007-2008 
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Other indicator computed to assess the performance of water delivery system in Chokwe 
Irrigation System was the efficiency. According to Figure 7.2 the indicator for efficiency 
varies from 0.6 in October to 0.05 in February. Therefore the months with higher and lower 
efficiency in water delivery was October, December and February respectively. However 
according to performance standards presented in table 6.1 the efficiency of the water 
delivery system in the all months is considered poor. This means that the water was 
supplied to the secondary canals in excess of requirements. The overall efficiency for this 
season was 0.38 which is seen as poor and the reasons behind this include poor conditions 
of infrastructures, bad operation of the system either at secondary or tertiary level, the 
cultivated areas are scattered and underexploited.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dependability or reliability is another important indicator used for performance assessment. 
Figure 7.3 depicts that the canals esquerdo, D3, D7A, D13D, R6 and N3 were dependable 
or reliable which allows the farmers for proper planning whereas in the other secondary 
canals the dependability varies from 0.02 (good) in R5 to 0.38 in D11 (poor). Therefore, in 
the secondary canals which the reliability was poor, the water delivered varied much along 
the time and in some of the months the CWR were not achieved. This situation most likely 
caused problems in the irrigation plan of the farmers. The overall assessment for PD is 0.12 
which is considered fair. Since the adequacy is good and the efficiency is poor this 
indicator does not imply necessarily that the water was unreliable but rather present a 
measure of temporal variability in over-supply.  
 
On other hand the irrigation system consists of gated division systems which according to 
Murray-Rust and Snellen (1993) have potential to offer higher reliability particularly where 
there is a large amount of cross regulation structures. However, if poorly managed, there is 
a potential for very high unreliability.   
 
 
 
Figure 7.2 Efficiency of the water delivery system for rain season 2007-2008 
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Regarding to equity indicator, it is presented in figure 7.4 how it varies along the season. 
Figure 7.4 shows that the equity among different secondary canals varied from 0.36 in 
October which was poor to zero in February which is considered good. November, January 
and February were good months in terms of share of water delivered among the selected 
canals whereas in December the equity is classified as fair. Making an overall evaluation 
during this season in terms of equity, it is considered that PE is 0.12 which is classified as 
fair. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3 Reliability of the water delivery system for rain season 2007-2008 
Figure 7.4 Equity of the water delivery system for rain season 2007-2008 
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7.4 Performance indicators for water delivery in dry season 
In the dry season 2008 the adequacy in water delivered for the whole season was 1.00 
which is considered good (Figure 7.5). It means that the crop water requirements similarly 
to wet season were fully achieved either by excessive or required water delivered. 
According to this indicator, it can be said that the water delivery system succeed in 
establishing good conditions for crop production in terms of water for irrigation. The 
overall adequacy indicator for this season was 1.00.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The efficiency of the water delivery system during the dry season was poor in the whole 
season with Figures varying from 0.05 in April to 0.26 in June (Figure 7.6). Figure 7.6 
depicts that in June and July the water was used more efficiently (though the efficiency is 
classified as poor) most likely because in these months the irrigation requirements are 
higher. This means that the adequacy considered good for this season was achieved by 
delivering excessive water for irrigation in the whole selected secondary canals. The overall 
efficiency was 0.14 which is by far less than 0.7, the minimum value considered by Molden 
and Gates (1990) as fair for an efficiency indicator. Therefore the efficiency is considered 
poor. As a result irrigation water most likely flows directly to the drainage system through 
overflow in tertiary canals, outlets towards the drain or is lost during irrigation at field level 
due to poor conditions of the tertiary canals. 
 
Comparing both season, it is clearly seen that the efficiency of water delivery system in wet 
season was higher than dry season which is unacceptable. So, in wet season the efficiency 
was relatively higher because the main crop grown in this season is rice which uses a lot of 
water associated with larger cultivated area. On the other hand it seems that the main 
system is operated in the same way for both seasons having in dry season relatively more 
water for the cropping pattern practiced in this season.    
    
Figure 7.5 Adequacy for dry season 2008 
55 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The equity and dependability for the whole dry season was zero which is classified as good 
according to the standard values proposed by Molden and Gates (1990). According to these 
results, it seems that the water was delivered equally for the selected secondary canals and 
the delivery was reliably through an over-supply. 
 
Comparing the total water delivered with the total water required (appendix 1) during the 
wet season for example, it is seen that about 46 million cubic meter (MCM) was lost and 
with this amount of water additional 3,190 ha could have been irrigated. Moreover, the 
additional amount of water could have been generated at a cost of 22 US$/ha a revenue of 
about 60,000 US$ to the irrigation agency. Furthermore, the farmers could have been 
expected to acquire a household income of 193,000 US$. 
 
The excessive use of water in Chokwe Irrigation System is also linked with the 
infrastructure for water distribution which consists of gated division systems. Murray-Rust 
and Snellen (1993) refers that these type of system have significant opportunities for actual 
deliveries to exceed crop water requirements either through untimely or ineffective gate 
operations or because of deliberate disruption of the gate operation plan. In the other hand, 
for fixed division systems for example, deliveries will normally only exceed crop water 
requirements if farmers reduce seasonal demand by modifying cropping patterns, except for 
periods of low demand during harvest or rainfall.     
  
According to Vandersypen et al (2006), with adequacy, dependability and equity of water 
delivery being satisfactory and with no incentives to rationalize individual water 
consumption, the farmers have no reason to take the trouble to improve efficiency as well. 
For Chokwe Irrigation System, this should be an initiative of the irrigation agency and step 
by step involve the farmers because in long term this situation will cause rapid degradation 
of the infrastructures and increased salinity hazard, once the drainage system are poorly 
maintained. 
 
Figure 7.6 Efficiency of the water delivery system for dry season 2008 
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Nevertheless, even though to date water is not a limiting factor in Chokwe Irrigation 
System improving efficiency might be indispensable because of two reasons: first, the 
ambition of the irrigation agency is to increase the actual irrigated area with minimal 
investment in the main infrastructure, supply water in the whole rehabilitated part of the 
system (7,000 ha). This would be possible when the water use per hectare decreases. 
Second, according to Vandersypen et al (2006) drainage problems will remain unsolved 
without more rational use of water in irrigation systems.    
7.5 Possible scenarios to improve irrigation performance 
7.5.1 Expansion of cultivated area 
If the cultivated areas in the selected secondary canals increase by double or even more like 
in D13D (actual cultivated area for wet season 2008/2009) it possible to improve the 
efficiency in water delivery but attention should be taken regarding to other indicators like 
adequacy, equity and reliability. It is useful to do this scenario because currently the 
cultivated areas in Chokwe Irrigation System increased. However land tenure in Chokwe 
Irrigation System still a problem because it is not under responsibility of the irrigation 
agency but local government, therefore they do not have the authority to decide on land use 
issues within the system.  
 
Table 7.5 Increased cultivated areas for wet season 
 
Secondary canals Rice Maize Tomato Total 
Esquerdo 0 308 11 319 
D1 0 57 0 57 
D2 0 63 0 63 
D3 7 5 5 17 
D5 128 32 10 170 
D7A 51 14 81 145 
D8 211 25 31 267 
D9 290 10 34 334 
D10 439 13 27 478 
D11 811 2 17 830 
D12 472 16 25 513 
D13D 900 0 16 916 
R5 211 41 46 297 
R6 270 30 41 340 
N3 209 15 18 242 
  TOTAL  4,980 
 
If the current cultivated areas increase twice or even more in the selected secondary canals 
during wet season keeping the same deliveries, the adequacy will reduce. It can be seen in 
Figure 7.7 that the adequacy indicator ranges from 0.64 in October which is considered 
poor to 1.00 in February considered good. Similarly to the current situation depicted in 
section 7.3 the adequacy in October is lower, this might be because is the beginning of the 
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season and every secondary canals need water for irrigation after sowing. Therefore in 
October there would be water stress. On other hand in February which is the end of the 
season, most of the secondary canals do not need water for irrigation that is why the 
adequacy is 1.00. The overall adequacy for this scenario is 0.84 which is considered fair. 
Therefore if the irrigation agency desires to improve the adequacy, will have to take two 
alternative measures to cope with this situation, either increase the flow to the secondary 
canals or introduce a rotation plan for the secondary canals.  
  
In another hand the efficiency indicator increased significantly. It is presented in Figure 7.8 
that the efficiency indicator varies from 0.15 in February (classified as poor) to 0.81 in 
December (classified as good).  A fair combination between adequacy and efficient is 
found in December, this might likely be because this is the peak for irrigation requirements 
in wet season. The overall efficiency for this scenario is 0.59 which is still poor according 
to the thresholds shown in table 5.2. This means that though the adequacy is fair for this 
scenario, the irrigation requirements are still fulfilled through an oversupply. Therefore, it 
seems worthwhile if the adequacy is improved by a rotation plan for water distribution 
rather increasing the discharge in the secondary canals.    
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7 Adequacy for wet season in case of increase of cultivated areas 
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Once the competition for water increases the reliability becomes worst. Figure 7.9 shows 
that reliability increased significantly for this scenario. Secondary canals like R5 which 
before did not have problems in reliability, in this case it has a reliability of 0.22 which is 
considered poor. For D13D the reliability indicator increased from zero to 0.73, which is 
not good because the farmers now do not know when they will have water for irrigation. 
The reason behind this abrupt increase is due to the area which is about 60 times larger than 
before (in this secondary, for wet season 2008/2009 900 ha of rice are being cultivated). 
Since adequacy is fair and efficiency is poor, it is considered that the water delivered in 
most of the selected secondary canals varied too much along the season. The overall 
reliability for this scenario is 0.26 which is considered poor.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.8 Efficiency of the water delivery in case of increase of cultivated areas 
Figure 7.9 Reliability of the water delivery system in case of increase of cultivated areas 
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The equity indicator also increased rapidly with this increment in the cultivated areas. 
Figure 7.10 depicts that equity indicator decreases with time, which means that goes from a 
poor condition (PE = 0.57) in October to good condition in February (PE = 0.0). From 
October to December there is a great spatial variability whereas from January to February 
the spatial variability was fair to good respectively. It can be seen from this Figure that the 
spatial variability is large when the adequacy indicator is relatively smaller (less than 0.9) 
and the efficiency is a bit higher. The overall equity for this scenario is 0.28 which is 
considered poor. However since the adequacy is fair and the efficiency is poor the equity 
indicator do not imply that the water supply was unfair but rather present a measure of 
spatial variability in over-supply.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
So, in case of an increase in the cultivated areas in Chokwe Irrigation System these are 
some of the constraints that might have: fair or even poor adequacy, relatively high 
efficiency and great spatial and temporal variability among the secondary canals. However 
is possible to synchronize these indicators by grouping the secondary canals for water 
delivery rather than delivering water to all secondary at the same time. It is also possible to 
supply all secondary at the same time but the efficiency will be too low, hence high losses 
of water might occur.  
 
As was referred in section 5.2.1, the performance indicators proposed by Molden and Gates 
should be related to the crop yield. It was done an example through the CROPWAT model 
by simulating the effect of two levels of adequacy classified as “poor” and one as “fair” on 
the yield reduction of three different crops during wet season (see table 7.6). 
 
     
 
 
 
Figure 7.10 Equity of the water delivery system in case of increase of cultivated areas 
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  Table 7.6 Different levels for adequacy vs crop yield reduction 
 
   Yield reduction (%) for 
   Maize Tomato Rice 
Fair adequacy (PA = 0.83/0.84) 0 1 0 
Poor adequacy 1 (PA = 0.76) 1 4 0 
Poor adequacy 2 (PA = 0.44) 9 13 15 
 
It can be seen on table 7.6 that for an individual point in an irrigation system, there is no 
difference in yield reduction for water delivery classified as fair or poor adequacy 1 
between each crop or there is but very little like in maize and tomato. As the level of 
adequacy decreases (poor adequacy 2), the crop yield also decreases. Table 7.6 shows that 
in reality the “fair” adequacy could have been considered “good” because there is no yield 
reduction. Therefore, the limits of these categories should be revised based on the crop 
yield, otherwise, they do not give sufficient information for assessment of water delivery 
service. 
   
In the next section is presented other approach to improve the performance of irrigation 
system by operating in different ways the irrigation structures like gates. 
7.5.2 Operational scenarios for water delivery 
In Chokwe Irrigation System, most of the offtakes consist of baffle distributors and several 
water levels are relevant in the design and operation of these structures. The operation of 
the system is based on the water levels in the main canals and these levels are called 
management levels which correspond to y-10%. Each offtake has its own management levels 
and these levels are regulated through the cross regulators or water level regulator such as 
AMIL gate or duckbill weir.  
 
It was selected three offtakes located in the upstream, middle stream and downstream of the 
system for illustration of daily water levels readings and the respective management levels 
(see Figure 7.11).  
 
The Figure 7.11 depicts that the water levels in the upstream part of the system close to the 
offtake canal esquerdo were totally above the management level (29.20 m) in June (dry 
season) and in most of the days for December (wet season). 
 
This might be because during dry season the cultivated area is about 3 times greater than in 
wet season. So, for this offtake the water levels varied around the nominal water level 
(29.35 m) which means that the delivered discharge were close to the designed discharges 
leading in this way to an adequate delivery through an excessive supply as shown by 
performance indicators computed in former sections.  
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For the middle stream of the system the offtake selected was D11 where are located the 
largest rice cultivated areas (595 ha in 2007). It can be seen from Figure 7.12 that the water 
levels fluctuate around the management level (25.76 m) reaching in some days the nominal 
level (25.89 m). More precisely in the wet season (December) the levels are relatively 
higher when compared to dry season (June) due of course to rice production. During the dry 
season the activity in this secondary is weak, that is why the water levels were in the 
majority of the days lower or close to the management level.  
 
 
Figure 7.11 Daily water levels in main canal for offtake canal esquerdo (located upstream) 
Figure 7.12 Daily water levels in main canal for offtake D11 (located middle stream) 
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In the downstream part of the system the offtake selected was R6 which is supplied by one 
of the main canals called canal do rio. Figure 7.13 depicts variation of water levels in 
December and June above the management levels (21.32 m) reaching picks higher than the 
nominal (21.45 m) particularly in June. In December 2007 the degree of variation of water 
levels from its nominal level was less than in June. These water levels probably led to an 
oversupply in the delivered discharges. 
 
According to the performance indicators computed earlier, for the current situation of 
Chokwe Irrigation System the actual management levels leads to an excessive water 
delivery to the secondary canals. Therefore, the hydraulic model DUFLOW was used to 
simulate different management levels which can help in reducing excessive deliveries. 
 
As was described in the methodology, three scenarios were considered. Besides the gate 
openings in the intake and first regulator further adjustments for each scenario in the water 
level regulators located at D9 and D11 were carried out. For the whole scenarios the 
openings considered in water level regulators are shown in appendix 6. 
 
For scenario 1 the water level regulator D9 and D11 were opened at 0.3 m and 0.4 m 
whereas for scenario 2 the water level regulator D11 had an opening of 0.5 m. The 
openings in scenario 3 for these structures were 0.15 for regulator D9 and 0.2 for regulator 
D11.   
 
In the three scenarios different water levels lower than the actual management level in 
Chokwe Irrigation System were obtained and it is shown hereunder for the same offtakes 
selected above.  
 
Figure 7.13 Daily water levels in main canal for offtake R6 (located downstream) 
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The management level obtained in scenario 1 for the canal esquerdo was 29.49 m which 
still higher by about 30 cm than the current management level (29.21 m) which means that 
the conditions for an oversupply remain there (Figure 7.14). In scenario 2, the obtained 
water level is (29.33 m) 12 cm greater than the management level and in scenario 3 the 
computed water level is 29.13 which are below the management level. In this offtake was 
difficult to lower the water levels because, this secondary canal is located at the head of the 
system and there is no other water level regulator to regulate the flows besides the first 
regulator located at 5.5 km from this point.    
 
For other offtakes the obtained water levels are lower than their respective management 
level for the three scenarios. For some offtakes like D5, D7A, D8 and D9 in scenario 2 and 
3 the computed water levels are too low, differences greater than 50 cm when compared to 
their respective management levels were observed. In real field conditions this situation can 
cause very limited supply almost zero to these secondary canals. These differences could be 
associated to the input data of the secondary canals which most of them were assumed due 
to lack of data and difficulties to get them mostly the floor levels and gate/crown height of 
the structures. Therefore more adjustments have to be done in the cross regulators close to 
these offtakes like in regulator D5, D7 and D9. These adjustments might have effects in 
other offtakes by increasing their management level. 
     
It can be seen in Figure 7.15, that the water levels computed in the three scenarios are 
below the management level for D11. The highest difference with the current management 
level was found in scenario 3 which is about 40 cm (25.38 m). These conditions will have 
great influences on the supplied discharges which will be lower than the designed discharge 
by more than 10% avoiding in this way high losses of water and excessive supplies.    
 
Figure 7.14 Management level vs modelled water levels for canal esquerdo 
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In other offtakes close to D11 like D10, D12 and D13 the differences between the 
computed water levels and current management levels are almost the same for scenario 3. 
In scenario 2 D12 and D13 had little difference around 7 and 3 cm respectively. 
 
It was also observed for offtake R6 that the obtained water levels are below the actual 
management level for the three scenarios (Figure 7.16). The highest difference between the 
computed levels and actual levels is 19 cm (21.13 m) and it occurs in scenario 3. So with 
these levels the delivered discharge will be lower than the designed and the difference 
between crop water requirements and delivered discharge will be lower. In this way the 
efficiency in water use will increase and great water losses can be avoided.  
 
 
 
Figure 7.15 Management level vs modelled water levels for offtake D11 
Figure 7.16 Management level vs modelled water levels for offtake R6 
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An example of the output from the model DUFLOW is shown in Figure 7.17. It is seen 
from this Figure the variation with time of different water levels for different offtakes. The 
Figure also depicts that the results are more or less constant after 4 days. 
 
 
In order to see the effect of the different water levels obtained in the three scenarios in the 
performance indicators, the computed water levels for each offtake were assumed constant 
throughout the season and were used to compute the new delivered discharges according to 
the openings of the baffle distributors done during the season 2007/2008. In table 7.7 is 
shown the results regarding to the performance indicators for the three scenarios. 
 
Table 7.7 Performance indicators under different scenarios 
 
 
Scenarios 
Wet season Dry season 
Performance indicators Performance indicators 
 PA PF PD PE PA PF PD PE 
Scenario 1 0.92 0.46 0.16 0.18 0.99 0.20 0.02 0.04 
Scenario 2 0.88 0.50 0.21 0.23 0.98 0.25 0.04 0.07 
Scenario 3 0.83 0.55 0.30 0.32 0.94 0.32 0.10 0.19 
 
According to the results presented in table 7.7 it can be clearly seen that the adequacy 
indicator decreases with the reduction in water level obtained in the three scenarios whereas 
the efficiency indicator increases for both wet and dry season. In dry season the adequacy, 
dependability and equity indicators are classified as good for the three scenarios whereas 
the efficiency indicator is classified as poor. Despite the efficiency be poor it is observed 
that reducing the water levels in the main canals the efficiency indicator increases as can be 
Figure 7.17 Output from the model DUFLOW (water levels vs time) 
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seen in table 7.7. The efficiency indicator in dry season computed earlier was 0.14 and with 
the different scenarios this indicator increased to 0.2, 0.25 and 0.32 in scenario 1, 2 and 3 
respectively. But still much efforts to be done during the dry season to improve the water 
use efficiency. 
 
In wet season the adequacy indicator is good for scenario 1 and fair for scenario 2 and 3. 
Reliability and equity are also classified as good under scenario 1 and poor under scenario 
3. For scenario 2 and 3 the adequacy indicator is fair whereas the efficiency indicator is 
poor but with significant increase relatively to the current situation. Despite the 
classification of poor for efficiency indicator, the reduction in the water levels in the main 
system leads to an increase on this indicator. According to the deliveries done in wet season 
2007/2008 the efficiency indicator computed was 0.38 and for the three scenarios it 
increased to 0.46, 0.5 and 0.55. This increment leads to adequacy indicator to change from 
good to fair in the performance standard proposed by Molden and Gates. This change gives 
two warnings, one, the water is being used efficiently and two, possible water stresses 
might occur in different secondary canals along the season.  
 
Since the adequacy was fair, reliability and equity was poor in scenario 3, this indicates that 
most likely the water supply under this conditions would be unfair and unreliable. For 
instances under scenario 3 the calculations showed a poor adequacy for October (0.65) and 
December (0.78). On the other hand in scenario 1 the adequacy was good, reliability and 
equity was fair, therefore under this situation, the indicators do not imply that the water 
supply would be unreliable or unfair but rather present a measure of temporal and spatial 
variability in over supply. Therefore, the scenario three is considered good because gives 
relatively higher efficiency, but this efficiency can cause unreliable and unfair water 
distribution in the system. Moreover, under scenario 3 attentions should be paid on the 
sediment transport because some gates both in the intake and first regulator are closed 
which might cause sediment accumulation.        
 
As was said earlier, the different water levels obtained in the different scenarios has 
different effects on the selected offtakes in terms of magnitude on water level reduction. 
Some has a reduction of 10 to 40 cm and others more than 50 cm (D5, D7A, D8, D9) on 
their actual management levels. Therefore further adjustments has to be done for those that 
presents reductions of more or equal to 50 cm because in reality the offtakes under these 
conditions could not have water from the main system. Besides the data assumed for the 
secondary canals, these might be caused due to the limitations of the model, for example, 
some situations like bends, combination of structures has no or very little application on 
DUFLOW model which is 1D model. 
 
The main losses of water in Chokwe Irrigation System resulting in low efficiency are due to 
excess water delivery in tertiary canals compared to demand and probable application to the 
fields. The reasons referred by Vandersypen et al (2006) for a system operating under these 
conditions include lack of proper training of the water bailiffs for their job, procedures on 
communication about future water demand between farmers and their canal chief, and then 
between canal chiefs and water bailiffs are not followed or do not exist, so the bailiffs keep 
canals constantly full in order to fulfil on the spot demand. Furthermore, to this adds the 
fact that tertiary canals are over-dimensioned, both for practical construction reasons and in 
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order to allow for flexibility in the water supply. According to Vandersypen et al (2006) the 
peak requirement of rice fields is calculated at 1.5 l/s/ha, design flow rates of tertiary canals 
are rather 2 – 2.5 l/s/ha (2 l/s/ha for Chokwe Irrigation System). This ample availability of 
water might ensure a good adequacy of water supply, but also gives rise to losses in the 
tertiary canals due to excess supply over demand and favours excess application, since 
farmers have no economic incentives to use water rationally. For Chokwe Irrigation 
System, farmers pay the water fees according to the season and cultivated area independent 
of volumes consumed. 
 
Moreover farmers being responsible for water management within a secondary canal like in 
Chokwe Irrigation System, water distribution functions mostly in absence of coordination. 
This system can be sustained thanks to the abundant supply compared to demand. 
 
Table 7.8 Water saved under different scenarios 
 
 
Scenarios  
Water  saved (MCM)
   
 Additional area irrigated 
(ha)  
Wet season  Dry season  Wet season  Dry season  
Scenario 1  15  10  1,020  2,680  
Scenario 2  22  16  1,520  4,530  
Scenario 3  28  22  1,930  6,150  
 
It can be seen in table 7.8 that scenario 3 gives larger amount of water saved in both season 
(28 MCM in wet and 22 MCM in dry season) and hence larger additional area that could 
have been irrigated. Under scenario 1 the water saved in the wet and dry season is 15 and 
10 MCM respectively and with this water additional 1,020 and 2,680 ha in the wet and dry 
season respectively could have been irrigated. 
 
For improving efficiency while maintaining good adequacy, dependability and equity of 
water delivery investment in water management and rehabilitation of the tertiary system is 
required.   
 
The irrigation schedule plays an important role on the irrigation requirements. Therefore it 
is shown hereunder how different schedules can reduce the amount of water use in 
irrigation. 
7.6 Water delivery schedules 
The water delivery schedules differ mainly in time period and flow re-adjustments are 
usually based on the type of water allocation. Of crucial importance for the establishment 
of irrigation schedule is the specification of three components of water delivery: the rate of 
water flow, the duration and the frequency of water delivery. 
 
In Chokwe Irrigation System a fixed schedule is followed by the majority of the famers 
which the frequency of irrigation is fixed and the rate is unknown. In the evaluation of the 
68 
 
irrigation scheduling in terms of total water used followed in Chokwe Irrigation System, it 
was assumed that the farmers irrigate till the field capacity. Hereunder it is presented the 
schedule followed for different crops in both season and their respective yields (table 7.8) 
Rice is flooded for 100 days and the average yield is 5 ton/ha. 
 
Table 7.9 Irrigation scheduling in Chokwe Irrigation Sytem 
 
 
Crop 
Irrigation frequency (days)  
Yield (ton/ha) Wet season Dry season 
Maize 3 6 – 15  3 
Tomato 3 5 – 15 30 
Cabbage 3 5 - 7 29 
 
The irrigation scheduling presented in table 7.8 was used to compute the irrigation 
requirements through the CROPWAT 8.0 model. For maize, irrigating every 3 days till the 
field capacity in wet season the gross irrigation needs were about 1,250 mm for the entire 
season whereas in dry season irrigating every 7 and 15 days the gross irrigation needs were 
around 720 and 580 mm respectively. During dry season a combination of these intervals 
might occur, for example in earlier stages they can irrigate every 7 days and in last stages 
every 15 days (see appendix 7 and 8). 
 
The actual irrigation needs computed earlier can be minimized by adopting different 
options for irrigation scheduling. Adopting a fixed schedule for maize as 3 days of 
irrigation frequency and 13 mm of gross irrigation depth (0.5 l/s/ha) gives total gross 
irrigation needs of 513 mm for the entire wet season which is about half of actual irrigation 
requirements. Other option of irrigation scheduling in wet season is the adoption of a 
flexible schedule which consists in irrigate every 7 days with variable gross irrigation depth 
of 2.5–50 mm (0.04-0.83 l/s/ha) during the whole season resulting in total irrigation 
requirements of 418 mm but for practical reasons in the field just fixed schedule is 
presented (see appendix 9). 
 
In dry season similar schedules could be adopted such as a fixed schedule consisting in 
irrigate every 7 days in initial and development stages and every 5 days in middle and late 
stages with gross irrigation depth of 15 mm, will give total gross irrigation needs of 315 
mm. In case of flexible schedule which consists in irrigate every 7 days with variable gross 
irrigation depth of 2.5–25 mm (0.04-0.41 l/s/ha) during the whole season gives a total 
irrigation requirements of 280 mm (see appendix 10 for first option). 
 
Other important crop in Chokwe Irrigation System mostly during dry season is tomato. 
Irrigating this crop every 3 days during wet season gives total gross irrigation needs of 
1,090 mm whereas in dry season irrigating every 5 days and 7 days results in total gross 
irrigation requirements of 710 and 680 mm respectively which is not too different. 
Adopting flexible schedule during dry season consisting in variable irrigation frequency 
and depth results in total gross irrigation needs of 360 mm whereas in wet season adopting 
more or less the same strategy but with short irrigation intervals gives total gross irrigation 
needs of 880 mm (see appendix 11 and 12). For cabbage similar strategies could be 
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followed. It can be seen that the options presented for tomato reduces the amount of water 
for irrigation but in practical way it will be tricky to implement these options. 
 
For rice it was assumed in this work that for Chokwe Irrigation System the irrigation 
schedule consists in irrigating at a fixed interval of 7 days with an irrigation application of 
50 mm resulting in about 1,750 mm. According to CROPWAT model, it is possible to 
irrigate every 7 days but with an application depth of 20-25 mm without any crop yield 
reduction resulting in total irrigation water requirement of about 900-1,040 mm 
respectively (see appendix 13 and 14). 
 
The secondary canal D8 with 134 ha cultivated was selected as an example of the proposed 
schedule for rice (see appendix 15). The secondary has 14 tertiary canals and they can 
irrigate at the same time, therefore the area to be irrigated per day is 19 ha (1.4 
ha/field/tertiary/day). Per day there are 7 tertiary canals operating at the same time and in 
each tertiary two fields are irrigated. The even tertiary canal work 3 days a week whereas 
the odd works 4 days. The flow is 1.03 l/s/ha (25 mm) and there is irrigation at night. So at 
the offtake, the operator should open at least a shutter of 150 l/s per day. 
 
The different options for irrigation schedule discussed above can give an idea to the gate 
operators after proper training of how much water has to be released from the head of the 
secondary canal and hence the appropriate openings in the baffle distributor rather than 
opening by trial. These schedules can be applied either under current operations rules or 
proposed scenarios for system operation but further adjustments will have to be done 
according to the crop water requirements. For example during irrigation peaks more water 
should be available in the main canals. 
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8. Conclusion and Recommendations 
 
According to the results obtained in this study it was observed that: 
 
 The overall adequacy was 0.94 and 1.00 for wet and dry season respectively and this 
is considered good. In contrast the efficiency reaches only 0.38 in wet season and 
0.14 in dry season, classified as poor, which means that there were high losses of 
water due to excess water delivered to the tertiary canals; The efficiency indicator 
shows that the water is used more efficiently during the wet season than dry season 
because of rice production which consumes a lot of water; 
 
 The dependability and equity in water delivered was considered fair in wet season  
(PD = 0.12 and PE = 0.12)  and good (PD = 0.0 and PE = 0.0) in dry season;  
 
 The expansion of cultivated land by doubling the actual cultivated areas showed to be 
a potential option to increase the water use efficiency (PF = 0.59) in Chokwe 
Irrigation System during wet season but some of the constraints that it might have 
include: fair or even poor adequacy and great spatial and temporal variability among 
the secondary canals; 
 
 The hydraulic model DUFLOW showed to be a powerful tool to test different options 
for operation of Chokwe Irrigation System. Under different scenarios the model 
showed that lowering the water level in main system leads to an increase on the 
efficiency indicator; The operation of 8 gates opened 0.7 m at the intake and 5 gates 
opened 0.25 m gave better results in terms of efficiency in water use (PF = 0.55 
during wet season). However, attention should be paid on sediment transport; 
 
 The water saved under scenario 3 could have been used to irrigate additional 1,930 
and 6,150 ha in dry and wet season respect; 
 
 Improving efficiency might be indispensable because of two reasons. First, the 
ambition of Chokwe Irrigation System is to more than double its actual irrigated 
surface with minimal investment in the main infrastructure. This is possible only 
when water use per hectare decreases. Second, drainage problems will remain 
unsolved without a more rational use of water in the irrigation systems; 
 
 The Chokwe Irrigation System should operate under lower water levels than actual 
(like one proposed in scenario 2 or 3) to motivate the rational use of water, mainly 
during the late stages of the crops and during dry season; 
 
 The flexible scheduling like fixed irrigation interval and variable irrigation depth 
showed to be effective in irrigation water saving (reduction by 50% of actual water 
use), hence reducing drainage volumes; 
 
 The current thresholds of performance indicators proposed by Molden and Gates are 
not sufficiently informative for water delivery performance assessment. The 
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threshold for adequacy indicator, category “poor” and “fair” proposed by Molden and 
Gates should be revised as both may mean the same as far as crop yield is concerned; 
 
 Under good adequacy conditions, having poor dependability and equity, do not imply 
necessarily unreliable or unfair water distribution but rather temporal and spatial 
variability in water delivery; 
 
 Application of irrigation scheduling in the secondary canals can have a positive 
impact on the water delivered (reductions by 50% of  irrigation water can be 
achieved) to the tertiary canals; 
 
In order to improve the irrigation performance in Chokwe Irrigation System some aspects 
have to be considered: 
 There is no consciousness regarding to water use, since farmers have no economic 
incentives to use water rationally. The irrigation agency should explore the 
possibility of a new water right like paying water per volume used;  
 
 For future research on modelling the Chokwe Irrigation System, a full network of 
secondary canals should be considered in order to have a better picture of water 
sharing among them; 
 
 The irrigation agency should update the benchmark system along the secondary 
canals of Chokwe Irrigation System in order to facilitate a proper survey for further 
studies. 
 
 For the above conclusions and recommendations to be put into effect capacity 
strengthens of farmers, irrigation specialists should be considered; 
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Appendix 1. Water delivery ratios for wet season 2007/2008 
 
 Secondary canals Esquerdo D1 D2 D3 D5 D7A D8 D9 D10 D11 D12 D13D R5 R6 N3 
October 
  
  
  
Qd (l/s) 29700 2630 3850 729 3670 11400 4430 5710 27900 15600 9000 10700 9910 21300 19700 
Qr (l/s) 158 22 24 334 6250 3100 10400 14200 36900 57700 22900 1360 10400 13200 10200 
pA=Qd/Qr 1.00 1.00 1.00 1.00 0.59 1.00 0.43 0.40 0.76 0.27 0.39 1.00 0.96 1.00 1.00 
pF=Qr/Qd 0.01 0.01 0.01 0.46 1.00 0.27 1.00 1.00 1.00 1.00 1.00 0.13 1.00 0.62 0.52 
November 
  
  
  
Qd (l/s) 24000 3200 2970 392 1720 6410 4840 4940 34700 27600 6840 8570 7390 15200 22700 
Qr (l/s) 1370 233 260 167 2190 1690 3640 4800 12000 18500 7550 565 3830 4650 3440 
pA=Qd/Qr 1.00 1.00 1.00 1.00 0.78 1.00 1.00 1.00 1.00 1.00 0.91 1.00 1.00 1.00 1.00 
pF=Qr/Qd 0.06 0.07 0.09 0.43 1.00 0.26 0.75 0.98 0.34 0.67 1.00 0.07 0.52 0.31 0.15 
December 
  
  
  
Qd (l/s) 22700 520 1930 608 4250 12400 5280 8870 17200 34800 10800 8830 10700 18800 27200 
Qr (l/s) 4930 876 977 259 2730 2360 4290 5380 13000 19700 8300 681 4750 5460 3900 
pA=Qd/Qr 1.00 0.59 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
pF=Qr/Qd 0.22 1.00 0.51 0.43 0.64 0.19 0.81 0.61 0.75 0.56 0.77 0.08 0.44 0.29 0.14 
January 
  
  
  
Qd (l/s) 10700 576 2370 642 7100 13700 10800 16100 26400 50600 16200 14600 15800 30800 43100 
Qr (l/s) 3980 722 806 176 2240 1320 3400 4320 10900 16700 6900 445 3700 4310 3200 
pA=Qd/Qr 1.00 0.80 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
pF=Qr/Qd 0.37 1.00 0.34 0.27 0.32 0.10 0.32 0.27 0.41 0.33 0.43 0.03 0.23 0.14 0.07 
February 
  
  
  
Qd (l/s) 8840 530 255 718 6980 7880 5920 10300 20200 30000 11300 7680 8370 13500 16700 
Qr (l/s) 0 0 0 17 326 147 538 740 1940 3000 1200 69 537 687 533 
pA=Qd/Qr 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
pF=Qr/Qd 0.00 0.00 0.00 0.02 0.05 0.02 0.09 0.07 0.10 0.10 0.11 0.01 0.06 0.05 0.03 
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Appendix 2. Water delivery ratios for dry season 2008 
 
 Secondary canals Esquerdo D1 D2 D3 D5 D7A D8 D9 D10 D11 D12 D13D R5 R6 N3 
April 
Qd (l/s) 15800 1100 2980 372 4190 5860 1640 3220 9700 13600 7100 5380 6980 12100 15000 
Qr (l/s) 578 86 266 25 106 342 268 448 390 323 72 97 227 273 95 
pA=Qd/Qr 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
pF=Qr/Qd 0.04 0.08 0.09 0.07 0.03 0.06 0.16 0.14 0.04 0.02 0.01 0.02 0.03 0.02 0.01 
May 
Qd (l/s) 38000 2780 6000 761 6270 12800 3800 6410 16700 17800 5740 11500 13600 17600 41800 
Qr (l/s) 2530 486 1240 106 508 886 743 1100 632 310 195 276 552 757 300 
pA=Qd/Qr 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
pF=Qr/Qd 0.07 0.18 0.21 0.14 0.08 0.07 0.20 0.17 0.04 0.02 0.03 0.02 0.04 0.04 0.01 
June 
Qd (l/s) 37600 3900 5000 333 3110 15000 5530 7250 8100 11700 6720 8100 8960 15900 40000 
Qr (l/s) 7659 1566 3513 280 1489 2006 1164 2044 1543 1174 311 422 1015 1240 597 
pA=Qd/Qr 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
pF=Qr/Qd 0.20 0.40 0.70 0.84 0.48 0.13 0.21 0.28 0.19 0.10 0.05 0.05 0.11 0.08 0.01 
July 
Qd (l/s) 39100 3840 4000 516 3460 13400 5000 7620 10800 14500 8980 8740 7690 11200 31200 
Qr (l/s) 7880 1670 3550 273 1540 1740 779 1430 1110 921 195 289 761 872 484 
pA=Qd/Qr 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
pF=Qr/Qd 0.20 0.43 0.88 0.53 0.44 0.13 0.16 0.19 0.10 0.06 0.02 0.03 0.10 0.08 0.02 
August 
Qd (l/s) 25200 2520 4000 693 2380 9630 2000 5580 9440 10000 5890 6500 7100 13300 13000 
Qr (l/s) 2200 516 983 73 450 375 71 74 105 130 2 31 110 97 83 
pA=Qd/Qr 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
pF=Qr/Qd 0.09 0.21 0.25 0.11 0.19 0.04 0.04 0.01 0.01 0.01 0.00 0.00 0.02 0.01 0.01 
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Appendix 3. Canal cross section in some parts of the system 
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Appendix 4. Q-H relationship used as boundary condition in DUFLOW for some canals 
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Appendix 5. Actual water level used for operation of the system and water level obtained 
from the model for the three scenarios 
 
Secondary canals 
Water levels (m) 
Actual Scenario 1 Scenario 2 Scenario 3 
Esquerdo 29.2 29.5 29.3 29.1 
D1 29.2 29.2 29.0 28.8 
D2 29.3 29.1 28.9 28.7 
D3 28.3 28.3 28.2 28.0 
D5 28.1 27.9 27.8 27.7 
D7A 27.4 27.0 26.9 26.8 
D8 26.9 26.2 26.0 26.0 
D9 26.7 26.1 26.0 26.0 
D10 25.8 25.6 25.5 25.4 
D11 25.8 25.5 25.4 25.4 
D12 25.2 25.1 25.1 24.8 
D13D 25.1 25.1 25.0 24.7 
R5 22.0 22.0 22.0 21.9 
R6 21.3 21.3 21.2 21.1 
N3 26.2 26.1 25.9 25.9 
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Appendix 6. Gate openings for different water level regulators along the main canal used 
in the model 
 
Water level regulators 
(WLR) 
Opening radial gates (AMIL 
gates) (m) 
 Opening sliding gates (m) 
WLR D2 0.65 0.55 
WLR D5 0.65 0.6 
WLR D7 0.65 0.5 
WLR D13 - 0.8 
WLR D14 - 0.8 
WLR D15 - 0.8 
WLR R0 - 0.6 
WLR R2 - 0.8 
WLR R5 0.7 - 
WLR R6 0.7 - 
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Appendix 7. Irrigation requirements under current schedule in wet season for Maize 
Date Day Stage Rain Ks ETa Depl Net Irr Deficit Loss Gr. Irr Flow 
   mm fract. % % mm mm mm mm l/s/ha 
18-Oct 3 Init 0 1 100 48 46.8 0 0 117 4.51 
21-Oct 6 Init 0 1 100 9 9.8 0 0 24.6 0.95 
24-Oct 9 Init 0 1 100 5 6.4 0 0 15.9 0.62 
27-Oct 12 Init 8.1 1 100 2 3.1 0 0 7.9 0.3 
30-Oct 15 Init 0 1 100 7 9.4 0 0 23.6 0.91 
2-Nov 18 Init 0 1 100 7 10 0 0 25 0.96 
5-Nov 21 Dev 0 1 100 6 9.5 0 0 23.7 0.91 
8-Nov 24 Dev 0 1 100 3 5.9 0 0 14.8 0.57 
11-Nov 27 Dev 0 1 100 5 10 0 0 25.1 0.97 
14-Nov 30 Dev 0 1 100 4 7.7 0 0 19.3 0.75 
17-Nov 33 Dev 11.2 1 100 2 3.7 0 0 9.3 0.36 
20-Nov 36 Dev 0 1 100 5 11.1 0 0 27.8 1.07 
23-Nov 39 Dev 12.7 1 100 2 4.9 0 0 12.2 0.47 
26-Nov 42 Dev 0 1 100 6 14.7 0 0 36.7 1.42 
29-Nov 45 Dev 0 1 100 5 12.7 0 0 31.7 1.22 
2-Dec 48 Dev 0 1 100 6 15.5 0 0 38.8 1.5 
5-Dec 51 Dev 0 1 100 6 16.9 0 0 42.3 1.63 
8-Dec 54 Dev 0 1 100 4 11.3 0 0 28.2 1.09 
11-Dec 57 Mid 0 1 100 6 17.5 0 0 43.9 1.69 
14-Dec 60 Mid 0 1 100 4 12.5 0 0 31.3 1.21 
17-Dec 63 Mid 16.1 1 100 2 6.3 0 0 15.7 0.6 
20-Dec 66 Mid 0 1 100 6 18.8 0 0 47 1.81 
23-Dec 69 Mid 16.8 1 100 2 6.2 0 0 15.6 0.6 
26-Dec 72 Mid 0 1 100 6 18.7 0 0 46.8 1.81 
29-Dec 75 Mid 0 1 100 6 18.7 0 0 46.8 1.81 
1-Jan 78 Mid 0 1 100 6 18.7 0 0 46.7 1.8 
4-Jan 81 Mid 0 1 100 4 12.4 0 0 31 1.2 
7-Jan 84 Mid 17.3 1 100 2 6.2 0 0 15.5 0.6 
10-Jan 87 Mid 0 1 100 6 18.6 0 0 46.6 1.8 
13-Jan 90 Mid 18.1 1 100 2 6.1 0 0 15.3 0.59 
16-Jan 93 Mid 0 1 100 6 18.4 0 0 46 1.78 
19-Jan 96 End 0 1 100 6 18.4 0 0 46 1.78 
22-Jan 99 End 0 1 100 5 15.9 0 0 39.8 1.54 
25-Jan 102 End 0 1 100 5 14.7 0 0 36.7 1.42 
28-Jan 105 End 0 1 100 3 9.8 0 0 24.5 0.94 
31-Jan 108 End 0 1 100 5 14.7 0 0 36.7 1.42 
3-Feb 111 End 20.8 1 100 1 3.3 0 0 8.3 0.32 
6-Feb 114 End 0 1 100 3 10 0 0 24.9 0.96 
9-Feb 117 End 0 1 100 3 10 0 0 24.9 0.96 
12-Feb 120 End 0 1 100 3 7.5 0 0 18.7 0.72 
15-Feb 123 End 0 1 100 2 6.3 0 0 15.7 0.6 
17-Feb End End 0 1 0 0      
         Total 1,250  
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Appendix 8. Irrigation requirements under current schedule in dry season for Maize for 7       
days 
 
 
Irrigation requirements under current schedule in dry season for Maize for 14 days 
 
 
 
 
Date Day Stage Rain Ks ETa Depl Net Irr Deficit Loss Gr. Irr Flow 
   mm fract. % % mm mm mm mm l/s/ha 
24-Apr 7 Init 0 1 100 51 57 0 0 142.5 2.36 
1-May 14 Init 0 1 100 10 14 0 0 35 0.58 
8-May 21 Dev 0 1 100 6 10.2 0 0 25.6 0.42 
15-May 28 Dev 0 1 100 8 15.9 0 0 39.9 0.66 
22-May 35 Dev 0 1 100 9 19.7 0 0 49.2 0.81 
29-May 42 Dev 0 1 100 8 19.1 0 0 47.8 0.79 
5-Jun 49 Dev 0 1 100 8 22.1 0 0 55.3 0.91 
12-Jun 56 Mid 0 1 100 7 20.2 0 0 50.4 0.83 
19-Jun 63 Mid 0 1 100 5 13.9 0 0 34.8 0.58 
26-Jun 70 Mid 0 1 100 5 14.1 0 0 35.3 0.58 
3-Jul 77 Mid 2.9 1 100 5 14.3 0 0 35.7 0.59 
10-Jul 84 Mid 0 1 100 5 14.4 0 0 35.9 0.59 
17-Jul 91 Mid 2.7 1 100 4 12 0 0 29.9 0.49 
24-Jul 98 End 0 1 100 5 14.2 0 0 35.4 0.59 
31-Jul 105 End 0 1 100 5 14 0 0 34.9 0.58 
7-Aug 112 End 3.3 1 100 2 6.7 0 0 16.8 0.28 
14-Aug 119 End 0 1 100 3 7.4 0 0 18.5 0.31 
20-Aug End End 0 1 0 1      
         Total 722.9  
Date Day Stage Rain Ks ETa Depl Net Irr Deficit Loss Gr. Irr Flow 
   mm fract. % % mm mm mm mm l/s/ha 
2-May 15 Init 0 1 100 51 73.1 0 0 146.2 1.13 
17-May 30 Dev 5.4 1 100 13 26.3 0 0 52.7 0.41 
1-Jun 45 Dev 0 1 100 18 44.6 0 0 89.3 0.69 
16-Jun 60 Mid 0 1 100 14 40.8 0 0 81.6 0.63 
1-Jul 75 Mid 0 1 100 11 30.7 0 0 61.3 0.47 
16-Jul 90 Mid 0 1 100 10 29 0 0 58.1 0.45 
31-Jul 105 End 0 1 100 11 30.6 0 0 61.2 0.47 
15-Aug 120 End 0 1 100 5 15.4 0 0 30.8 0.24 
20-Aug End End 0 1 0 1      
         Total 581.2  
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Appendix 9. Proposed fixed schedule for maize during wet season (frequency 3 days, 
depth 13 mm) 
 
Date Day Stage Rain Ks ETa Depl Net Irr Deficit Loss Gr. Irr Flow 
   mm fract. % % mm mm mm mm l/s/ha 
18-Oct 3 Init 0 1 100 48 5 41.8 0 12.5 0.48 
21-Oct 6 Init 0 1 100 47 5 46.6 0 12.5 0.48 
24-Oct 9 Init 0 1 100 40 5 43.4 0 12.5 0.48 
27-Oct 12 Init 8.1 1 100 34 5 40.2 0 12.5 0.48 
30-Oct 15 Init 0 1 100 35 5 45.1 0 12.5 0.48 
2-Nov 18 Init 0 1 100 36 5 50.5 0 12.5 0.48 
5-Nov 21 Dev 0 1 100 31 5 46.5 0 12.5 0.48 
8-Nov 24 Dev 0 1 100 27 5 42.5 0 12.5 0.48 
11-Nov 27 Dev 0 1 100 29 5 49.4 0 12.5 0.48 
14-Nov 30 Dev 0 1 100 27 5 47.4 0 12.5 0.48 
17-Nov 33 Dev 11.2 1 100 24 5 45.5 0 12.5 0.48 
20-Nov 36 Dev 0 1 100 27 5 54.8 0 12.5 0.48 
23-Nov 39 Dev 12.7 1 100 26 5 55.4 0 12.5 0.48 
26-Nov 42 Dev 0 1 100 30 5 68.7 0 12.5 0.48 
29-Nov 45 Dev 0 1 100 29 5 69.3 0 12.5 0.48 
2-Dec 48 Dev 0 1 100 34 5 85.4 0 12.5 0.48 
5-Dec 51 Dev 0 1 100 34 5 88.5 0 12.5 0.48 
8-Dec 54 Dev 0 1 100 34 5 91.6 0 12.5 0.48 
11-Dec 57 Mid 0 1 100 38 5 104.2 0 12.5 0.48 
14-Dec 60 Mid 0 1 100 37 5 101.9 0 12.5 0.48 
17-Dec 63 Mid 16.1 1 100 36 5 99.6 0 12.5 0.48 
20-Dec 66 Mid 0 1 100 41 5 113.4 0 12.5 0.48 
23-Dec 69 Mid 16.8 1 100 40 5 110.4 0 12.5 0.48 
26-Dec 72 Mid 0 1 100 45 5 124.1 0 12.5 0.48 
29-Dec 75 Mid 0 1 100 43 5 121 0 12.5 0.48 
1-Jan 78 Mid 0 1 100 48 5 134.7 0 12.5 0.48 
4-Jan 81 Mid 0 1 100 47 5 131 0 12.5 0.48 
7-Jan 84 Mid 17.3 1 100 46 5 127.3 0 12.5 0.48 
10-Jan 87 Mid 0 1 100 50 5 141 0 12.5 0.48 
13-Jan 90 Mid 18.1 1 100 49 5 136.3 0 12.5 0.48 
16-Jan 93 Mid 0 1 100 53 5 149.7 0 12.5 0.48 
19-Jan 96 End 0 1 100 52 5 145 0 12.5 0.48 
22-Jan 99 End 0 1 100 55 5 155.9 0 12.5 0.48 
25-Jan 102 End 0 1 100 52 5 146.7 0 12.5 0.48 
28-Jan 105 End 0 1 100 49 5 137.5 0 12.5 0.48 
31-Jan 108 End 0 1 100 52 5 147.2 0 12.5 0.48 
3-Feb 111 End 20.8 1 100 47 5 131.3 0 12.5 0.48 
6-Feb 114 End 0 1 100 49 5 136.3 0 12.5 0.48 
9-Feb 117 End 0 1 100 43 5 120.4 0 12.5 0.48 
12-Feb 120 End 0 1 100 44 5 122.9 0 12.5 0.48 
15-Feb 123 End 0 1 100 37 5 101.9 0 12.5 0.48 
17-Feb End End 0 1 100 28      
         Total 512.5  
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Appendix 10. Proposed fixed/flexible schedule for maize during dry season (frequency of 
7 days for initial and development and 5 days for the rest of the stages 
 
Date Day Stage Rain Ks ETa Depl Net Irr Deficit Loss Gr. Irr Flow 
   mm fract. % % mm mm mm mm l/s/ha 
24-Apr 7 Init 0 1 100 51 6 51 0 15 0.25 
1-May 14 Init 0 1 100 46 6 58.3 0 15 0.25 
8-May 21 Dev 0 1 100 40 6 59.9 0 15 0.25 
15-May 28 Dev 0 1 100 40 6 70.6 0 15 0.25 
22-May 35 Dev 0 1 100 41 6 83.3 0 15 0.25 
29-May 42 Dev 0 1 100 42 6 94.8 0       15 0.25 
5-Jun 49 Dev 0 1 100 45 6 114 0 15 0.25 
12-Jun 56 Mid 0 1 100 47 6 130 0 15 0.25 
17-Jun 61 Mid 3.1 1 100 47 6 130 0 15 0.35 
22-Jun 66 Mid 0 1 100 49 6 136 0 15 0.35 
27-Jun 71 Mid 3 1 100 49 6 137 0 15 0.35 
2-Jul 76 Mid 0 1 100 51 6 143 0 15 0.35 
7-Jul 81 Mid 2.9 1 100 52 6 144 0 15 0.35 
12-Jul 86 Mid 0 1 100 54 6 150 0 15 0.35 
17-Jul 91 Mid 2.7 1 100 54 6 151 0 15 0.35 
22-Jul 96 End 0 1 100 56 6 157 0 15 0.35 
27-Jul 101 End 3 1 100 56 6 157 0 15 0.35 
1-Aug 106 End 0 1 100 58 6 163 0 15 0.35 
6-Aug 111 End 0 1 100 58 6 163 0 15 0.35 
11-Aug 116 End 0 1 100 58 6 163 0 15 0.35 
16-Aug 121 End 0 1 100 57 6 160 0 15 0.35 
20-Aug End End 0 1 0 55      
         Total 315  
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Appendix 11. Irrigation requirements under current schedule in wet season for tomato (3 
days irrigation frequency) 
 
Date Day Stage Rain Ks ETa Depl Net Irr Deficit Loss Gr. Irr Flow 
   mm fract. % % mm mm mm mm l/s/ha 
18-Oct 3-Jan Init 0 0.75 75 50 43.4 0 0 108.5 4.19 
21-Oct 6-Jan Init 0 1 100 16 15.8 0 0 39.5 1.52 
24-Oct 9-Jan Init 0 1 100 9 10.4 0 0 26.1 1.01 
27-Oct 12-Jan Init 8.1 1 100 6 7.6 0 0 19 0.73 
30-Oct 15-Jan Init 0 1 100 11 15.7 0 0 39.1 1.51 
2-Nov 18-Jan Init 0 1 100 10 16.2 0 0 40.5 1.56 
5-Nov 21-Jan Dev 0 1 100 9 15.3 0 0 38.3 1.48 
8-Nov 24-Jan Dev 0 1 100 5 9.8 0 0 24.5 0.94 
11-Nov 27-Jan Dev 0 1 100 8 15.7 0 0 39.3 1.52 
14-Nov 30-Jan Dev 0 1 100 5 11.2 0 0 28.1 1.08 
17-Nov 2-Feb Dev 11.2 1 100 2 5.6 0 0 14.1 0.54 
20-Nov 5-Feb Dev 0 1 100 7 16.8 0 0 42.1 1.62 
23-Nov 8-Feb Dev 12.7 1 100 3 7.7 0 0 19.3 0.74 
26-Nov 11-Feb Dev 0 1 100 7 20.4 0 0 51.1 1.97 
29-Nov 14-Feb Dev 0 1 100 6 16 0 0 40 1.54 
2-Dec 17-Feb Mid 0 1 100 6 17.1 0 0 42.7 1.65 
5-Dec 20-Feb Mid 0 1 100 6 17.6 0 0 44.1 1.7 
8-Dec 23-Feb Mid 0 1 100 4 11.8 0 0 29.4 1.13 
11-Dec 26-Feb Mid 0 1 100 6 17.8 0 0 44.5 1.72 
14-Dec 29-Feb Mid 0 1 100 4 12.1 0 0 30.2 1.16 
17-Dec 3-Mar Mid 16.1 1 100 2 6 0 0 15.1 0.58 
20-Dec 6-Mar Mid 0 1 100 6 18.1 0 0 45.3 1.75 
23-Dec 9-Mar Mid 16.8 1 100 2 6 0 0 15 0.58 
26-Dec 12-Mar Mid 0 1 100 6 17.9 0 0 44.9 1.73 
29-Dec 15-Mar Mid 0 1 100 6 17.9 0 0 44.9 1.73 
1-Jan 18-Mar End 0 1 100 6 17.2 0 0 43.1 1.66 
4-Jan 21-Mar End 0 1 100 4 10.6 0 0 26.4 1.02 
7-Jan 24-Mar End 17.3 1 100 2 5.3 0 0 13.2 0.51 
10-Jan 27-Mar End 0 1 100 5 15.8 0 0 39.6 1.53 
13-Jan 30-Mar End 18.1 1 100 2 4.4 0 0 11.1 0.43 
16-Jan 2-Apr End 0 1 100 5 13.3 0 0 33.2 1.28 
18-Jan End End 0 1 0 2      
         Total 1,100  
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Appendix 12. Irrigation requirements under current schedule in dry season for tomato   (7 
days irrigation frequency) 
 
Date Day Stage Rain Ks ETa Depl Net Irr Deficit Loss Gr. Irr Flow 
   mm fract. % % mm mm mm mm l/s/ha 
24-Apr 7 Init 0 0.69 68 53 56.3 0 0 140.8 2.33 
1-May 14 Init 0 1 100 17 24 0 0 59.9 0.99 
8-May 21 Dev 0 1 100 11 19.3 0 0 48.2 0.8 
15-May 28 Dev 0 1 100 12 25.8 0 0 64.4 1.06 
22-May 35 Dev 0 1 100 11 27.7 0 0 69.3 1.15 
29-May 42 Dev 0 1 100 9 25.8 0 0 64.5 1.07 
5-Jun 49 Mid 0 1 100 6 17.8 0 0 44.5 0.74 
12-Jun 56 Mid 0 1 100 5 15 0 0 37.5 0.62 
19-Jun 63 Mid 0 1 100 5 13.2 0 0 33 0.55 
26-Jun 70 Mid 0 1 100 5 13.4 0 0 33.5 0.55 
3-Jul 77 End 2.9 1 100 5 13.1 0 0 32.7 0.54 
10-Jul 84 End 0 1 100 4 12.5 0 0 31.3 0.52 
17-Jul 91 End 2.7 1 100 3 7.6 0 0 19 0.31 
21-Jul End End 0 1 0 2      
         Total 678.6  
 
 
Proposed flexible schedule for tomato in dry season 
 
 
 
 
 
Date Day Stage Rain Ks ETa Depl Net Irr Deficit Loss Gr. Irr Flow 
   mm fract. % % mm mm mm mm l/s/ha 
18-Apr 1 Init 0 0.71 71 52 20 20.2 0 50 5.79 
20-Apr 3 Init 0 0.98 99 33 20 9.1 0 50 2.89 
23-Apr 6 Init 6.4 1 100 15 15 0.7 0 37.5 1.45 
25-Apr 8 Init 0 1 100 8 10 0 0 25 1.45 
27-Apr 10 Init 6.4 1 100 4 10 0 0 25 1.45 
29-Apr 12 Init 0 1 100 6 10 0 0 25 1.45 
6-May 19 Init 0 1 100 13 10 11.9 0 25 0.41 
13-May 26 Dev 5.4 1 100 15 10 19.3 0 25 0.41 
20-May 33 Dev 0 1 100 19 10 34.1 0 25 0.41 
27-May 40 Dev 4.7 1 100 22 10 47.5 0 25 0.41 
3-Jun 47 Mid 3.8 1 100 24 5 65.2 0 12.5 0.21 
18-Jun 62 Mid 0 1 100 32 5 87 0 12.5 0.1 
3-Jul 77 End 2.9 1 100 39 5 107.7 0 12.5 0.1 
18-Jul 92 End 0 1 100 45 5 124.7 0 12.5 0.1 
21-Jul End End 0 1 0 44      
         Total 362.5  
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Appendix 13. Irrigation requirements under current schedule for rice 
 
Date Day no. Stage Rain Ks ETa Puddle Percol. Depl.SM Net Gift Loss Depl.SAT 
   mm fract % state mm mm mm mm mm 
26-Sep -19 PrePu 0 0.9 90 Prep 0 41 75.4 0 24 
11-Oct -4 Puddl 0 1 100 Prep 0 9 74 0 24 
13-Oct -2 Puddl 7.6 1 100 OK 15 0 51 0 1 
20-Oct 5 Init 0 1 100 OK 3.3 0 50 0 5.9 
27-Oct 12 Init 8.7 1 100 OK 3.4 0 50 0 -1.3 
3-Nov 19 Init 9.6 1 100 OK 3.4 0 50 0 -3.1 
10-Nov 26 Dev 0 1 100 OK 3.4 0 50 0 -1.9 
17-Nov 33 Dev 10.6 1 100 OK 3.4 0 50 0 -10.6 
24-Nov 40 Dev 0 1 100 OK 3.4 0 50 0 -9.1 
1-Dec 47 Dev 0 1 100 OK 3.4 0 50 0 -6.4 
8-Dec 54 Mid 0 1 100 OK 3.4 0 50 0 -17.9 
15-Dec 61 Mid 0 1 100 OK 3.4 0 50 0 -16.1 
22-Dec 68 Mid 0 1 100 OK 3.4 0 50 0 -13.9 
29-Dec 75 Mid 0 1 100 OK 3.4 0 50 0 -29.5 
5-Jan 82 Mid 0 1 100 OK 3.4 0 50 0 -30.1 
12-Jan 89 Mid 0 1 100 OK 3.4 0 50 0 -30.9 
19-Jan 96 End 0 1 100 OK 3.4 0 50 0 -52.9 
26-Jan 103 End 0 1 100 OK 3.4 0 50 0 -56.6 
2-Feb 110 End 0 1 100 OK 3.4 0 50 0 -57 
9-Feb 117 End 0 1 100 OK 3.4 0 50 5.3 -75.3 
12-Feb End End 0 1 0 OK 0 0    
        Total 1,750   
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Appendix 14. Irrigation requirements under proposed fixed schedule for rice (7 days of 
frequency and irrigation depth of 25 mm) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Date Day no. Stage Rain Ks ETa Puddle Percol. Depl.SM Net Gift Loss Depl.SAT 
   mm fract % state mm mm mm mm mm 
26-Sep -19 PrePu 0 0.9 90 Prep 0 41 75.4 0 24 
11-Oct -4 Puddl 0 1 100 Prep 0 9 74 0 24 
13-Oct -2 Puddl 7.6 1 100 OK 15 0 51 0 1 
20-Oct 5 Init 0 1 100 OK 3.3 0 25 0 5.9 
27-Oct 12 Init 8.7 1 100 OK 2.4 0 25 0 11.7 
3-Nov 19 Init 9.6 1 100 OK 1.8 0 25 0 16 
10-Nov 26 Dev 0 1 100 OK 0.9 0 25 0 21.2 
17-Nov 33 Dev 10.6 1 100 OK 1.7 0 25 0 17 
24-Nov 40 Dev 0 1 100 OK 0.8 0 25 0 23.6 
1-Dec 47 Dev 0 1 100 OK 0 8 25 0 24 
8-Dec 54 Mid 0 1 100 OK 0.4 3 25 0 24 
15-Dec 61 Mid 0 1 100 OK 0 8 25 0 24 
22-Dec 68 Mid 0 1 100 OK 0 15 25 0 24 
29-Dec 75 Mid 0 1 100 OK 0 6 25 0 24 
5-Jan 82 Mid 0 1 100 OK 0 8 25 0 24 
12-Jan 89 Mid 0 1 100 OK 0 13 25 0 24 
19-Jan 96 End 0 1 100 OK 0.7 1 25 0 24 
26-Jan 103 End 0 1 100 OK 0.2 3 25 0 24 
2-Feb 110 End 0 1 100 OK 0 5 25 0 24 
9-Feb 117 End 0 1 100 OK 1.5 0 25 0 18.7 
12-Feb End End 0 1 0 OK 0 0    
        Total 1,000   
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Appendix 15. Example of fixed scheduling for rice in secondary canal D8 
 
 
The secondary canal D8 with 134 ha cultivated was selected as an example of the proposed schedule for rice (see appendix 15). The 
secondary has 14 tertiary canals and they can irrigate at the same time, therefore the area to be irrigated per day is 19 ha (1.4 
ha/field/tertiary/day). Per day there are 7 tertiary canals operating at the same time and in each tertiary two fields are irrigated. The even 
tertiary canal work 3 days a week whereas the odd works 4 days. The flow is 1.03 l/s/ha (25 mm) and there is irrigation at night. So at 
the offtake, the operator should open at least a shutter of 150 l/s per day. 
 
Where:  
T – Tertiary canal 
F – Field to be irrigated 
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14
Day 1 F11 &F12 F31 &F32 F51 &F52 F71 &F72 F91 &F92 F111 &F112 F131 &F132
Day 2 F21 &F22 F41 &F42 F61 &F62 F81 &F82 F101 &F102 F121 &F122 F141 &F142
Day 3 F13 &F14 F33 &F34 F53 &F54 F73 &F74 F93 &F94 F11 &F12 F133 &F134
Day 4 F23 &F24 F43&F44 F63 &F64 F83 &F84 F103 &F104 F123 &F124 F143 &F144
Day 5 F15 &F16 F35 &F36 F55 &F56 F75 &F76 F95 &F96 F11 &F12 F135 &F136
Day 6 F25 &F26 F45 &F46 F65 &F66 F85 &F86 F105 &F106 F125 &F126 F145 &F146
Day 7 F17 &F18 F37 &F38 F57 &F58 F77 &F78 F97 &F98 F11 &F12 F137 & F138
